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Abstract	  
	  Expression	  based	  prediction	  of	  gene	  alterations	  identified	  WNT	  inhibitory	  factor	  I	   (WIF1)	   as	   a	   new	   candidate	   tumor	   suppressor	   gene	   involved	   in	   glioblastoma.	  
WIF1	   encodes	   a	   secreted	  WNT	  antagonist	   and	   it	   is	   strongly	  down-­‐regulated	   in	  most	  glioblastoma	  as	   compared	   to	  normal	  brain	  both	  by	  genomic	  deletion	  and	  WIF1	   promoter	   hypermethylation.	  WIF1	   expression	   in	   glioblastoma	   cell	   lines	  inhibited	   cell	   proliferation	   in	   vitro	   and	   in	   vivo	   and	   strongly	   reduced	  migration	  capability.	   Interestingly,	  WIF1	   expression	   induced	  a	   senescence-­‐like	  phenotype	  characterized	  by	  the	  appearance	  of	  enlarged,	  flattened	  and	  multinucleated	  cells	  positive	  for	  the	  presence	  of	  senescence	  associated	  β-­‐galactosidase,	  a	  late	  marker	  of	  senescence.	  It	  is	  of	  note	  that	  WIF1	  induced	  senescence,	  in	  glioma	  cell	  lines,	  is	  independent	   of	   either	   p53	   or	   pRB,	   two	   pathways	   that	   have	   been	   widely	  associated	  with	  this	  process.	  The	  analysis	  of	  the	  signaling	  pathways	  downstream	  of	   WIF1	   brought	   some	   interesting	   results.	   WIF1	   expression	   inhibited	   the	  canonical	  pathway	  but	  alteration	  of	   this	  pathway	  alone	  couldn’t	   explain	  all	   the	  WIF1-­‐induced	  effects.	  Some	  WIF1-­‐related	  changes	  were	  attributed	  to	  inhibition	  of	  the	  non-­‐canonical	  pathway,	  as	  we	  could	  prove	  by	  downregulation	  of	  WNT5α,	  the	   main	   ligand	   of	   the	   non-­‐canonical	   WNT	   pathway.	   For	   example,	   a	   drastic	  reduction	   of	   phosphorylation	   of	   both	   ERK	   and	   p38	  was	   detected	   when	   either	  overexpressing	  WIF1	   or	  downregulating	  WNT5α.	   	  Due	   to	   the	  complexity	  of	   the	  non-­‐canonical	   pathway	   is	   difficult	   to	   define	   the	   precise	   mechanism	   of	   signal	  transduction.	   We	   have	   excluded	   the	   involvement	   of	   the	   WNT5α-­‐JNK-­‐AP1	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pathway	   and	   preliminary	   results	   suggest	   the	   implication	   of	   the	   WNT-­‐calcium	  signaling,	  but	  further	  evidence	  is	  needed.	  	  Moreover,	   from	   the	   analysis	   of	   the	   gene	   expression	  profile	   of	  WIF1	   expressing	  cells	  we	   could	   select	   a	   very	   interesting	   candidate:	  MALAT1,	   a	   non-­‐coding	   RNA	  widely	   associated	  with	  migratory	   capability	   in	  many	  different	   types	  of	   tumors.	  We	  found	  MALAT1	  to	  be	  overexpressed	  in	  glioblastoma	  specimens	  compared	  to	  normal	  brain	  and	  to	  be	  associated	  with	  total	  tumor	  volume.	  The	  downregulation	  of	  MALAT1	  by	  RNAi	  (RNA	  interference)	  drastically	  impairs	  migration,	  thus	  it	  is	  a	  very	   interesting	   potential	   target	   in	   the	   context	   of	   invasive	   tumors	   such	   as	  glioblastoma.	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Résumé	  
	  
WIF1	  a	  été	  sélectionné	  en	  tant	  que	  putatif	  suppresseur	  de	  tumeurs	  dans	  le	  cadre	  des	   glioblastomes	   par	   une	   analyse	   qui	   a	   était	   conduit	   à	   partir	   des	   données	  d'expression	   de	   gènes	   provenant	   d'environ	   80	   glioblastomes.	  WIF1	   code	   pour	  une	   protéine	   destinée	   à	   la	   sécrétion	   qui	   antagonise	   la	   voie	   de	   WNT	   et	   son	  expression	   est	   fortement	   sous-­‐exprimé	   dans	   la	   plupart	   des	   glioblastome	   par	  rapport	   à	   tissu	   cérébral	   normal.	   Cette	   sous-­‐expression	   est	   due	   à	   deux	  mécanismes	  différents:	  à	  la	  délétion	  de	  la	  partie	  génomique	  codant	  pour	  WIF1	  et	  à	  l’hyper	  méthylation	  de	  son	  promoteur.	  	  La	   surexpression	   de	  WIF1	   réduit	   la	   capacité	   de	   prolifération	   des	   cellules	   de	  glioblastome	  in	  vitro	  ainsi	  que	  in	  vivo	  et	  elle	  réduit	  aussi	  leur	  capacité	  migratoire.	  Il	   est	   intéressant	   de	   remarquer	   que	   l’espression	   de	  WIF1	   induit	   un	   phénotype	  sénescent	   caractérisé	   par	   l'apparition	   de	   cellules	   aplaties,	   multi	   nucléées	   et	  positives	  pour	  l'activité	  de	  l'enzyme	  β-­‐galactosidase	  associée	  à	  la	  sénescence,	  un	  marqueur	  tardif	  de	  la	  sénescence.	  Il	  est	  à	  noter	  que	  le	  phénotype	  sénescent	  qui	  est	   induit	   par	   WIF1	   est	   indépendant	   de	   p53	   et	   pRB,	   deux	   voies	   qui	   ont	   été	  largement	   associées	   à	   ce	   processus.	   L'analyse	   des	   les	   voies	   de	   signalisation	   en	  aval	  de	  WIF1	  a	  apporté	  des	  résultats	  intéressants.	  L’expression	  de	  WIF1	  inhibe	  la	  voie	   canonique	   de	   WNT,	   mais	   l'altération	   de	   cette	   voie	   seule	   ne	   pouvait	   pas	  expliquer	   tous	   les	  effets	   induits	  par	  WIF1.	  Nous	  avons	  pu	  prouver	  que	  certains	  changements	  sont	  liés	  à	  l'inhibition	  de	  la	  voie	  non-­‐canonique	  qui	  est	  activée	  par	  WNT5α.	  Par	  exemple,	  une	  réduction	  drastique	  de	  la	  phosphorylation	  de	  ERK	  et	  p38	   à	   la	   fois	   a	   été	   détectée	   lorsque	  WIF1	   a	   été	   surexprimé	   ou	  WNT5α	   sous-­‐
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exprimé.	  En	  raison	  de	  la	  complexité	  de	   la	  voie	  non–canonique,	   il	  est	  difficile	  de	  définir	   le	   mécanisme	   précis	   de	   la	   transduction	   du	   signal.	   Nous	   avons	   exclu	  l’implication	  de	  la	  voie	  JNK-­‐WNT5α-­‐AP1	  et	  les	  résultats	  préliminaires	  suggèrent	  l'implication	  de	  la	  voie	  de	  signalisation	  appelée	  WNT-­‐calcium.	  	  En	  plus,	  l'analyse	  du	  profil	  d'expression	  génique	  de	  cellules	  sur-­‐exprimant	  WIF1	  nous	   a	   permis	   d'identifier	   un	   candidat	   très	   intéressant:	  MALAT1,	   un	  ARN	  non-­‐	  codants	   largement	   associés	   à	   la	   capacité	   migratoire	   dans	   nombreux	   types	   de	  tumeurs.	  Nous	  avons	   trouvé	  que	  MALAT1	   est	   surexprimé	  dans	   les	   échantillons	  de	  glioblastome	  par	  rapport	  à	   tissu	  cérébral	  normal	  et	   il	  est	  associé	  au	  volume	  total	   de	   la	   tumeur.	   La	   sous-­‐expression	   de	  MALAT1	   altère	   considérablement	   la	  migration	   des	   cellules	   tumorales.	   Donc,	  MALAT1,	   est	   une	   cible	   potentielle	   très	  intéressante	  dans	  le	  cadre	  d’une	  tumeur	  invasive	  telle	  que	  le	  glioblastome.	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Introduction	  
	  
Glioma	  Tumors	  and	  Glioblastomas	  
1.The	  Pathobiology	  of	  Gliomas	  	   Gliomas	   are	   the	   most	   common	   primary	   intracranial	   malignancy	   in	  humans,	   accounting	   for	   more	   than	   70%	   of	   all	   brain	   tumors.	   Gliomas	   are	  separated	   into	   four	   grades	   according	   to	   the	  World	  Health	  Organization	   (WHO)	  criteria,	  from	  I	  to	  IV	  following	  increasing	  malignancy	  [1].	  Astrocytoma	   and	   oligodendroglioma	   fall	   into	   the	   grade	   II	   category	   where	   the	  tumor	  lesions	  are	  characterized	  by	  hypercellularity	  and	  the	  median	  survival	  is	  5	  to	  8	   years.	   The	   grade	   III	   group	   includes	   anaplastic	   astrocytoma	  and	   anaplastic	  oligodendroglioma.	   Their	   histopathological	   analysis	   shows	   hypercellularity	  accompanied	   by	   nuclear	   atypia	   and	   mitotic	   figures.	   The	   survival	   is	   around	   3	  years.	  	  Glioblastoma	  is	  defined	  as	  grade	  IV	  and	  is	  the	  most	  frequent	  and	  malignant	  type	  with	  an	   incidence	  of	  2-­‐3	  new	  cases	  per	  100’000	  population	  per	  year.	  Usually	   it	  affects	   adults	   between	   45	   and	   70	   and	   patient	   survival	   is	   extremely	   dismal,	  ranging	  between	  of	   12–18	  months	   [2,	   3].	   The	  histopathology	  of	   this	   tumour	   is	  extremely	  variable:	  it	  is	  defined	  as	  composed	  of	  poorly	  differentiated	  astrocytic	  tumour	   cells	  with	  mitotic	   activity	   and	  nuclear	  atypia.	  The	  main	   features	  which	  distinguish	   glioblastoma	   from	   lower	   grade	   glioma	   are	   the	   presence	   of	  microvascular	   proliferation	   and	   necrosis.	   Moreover,	   often,	   necrotic	   foci	   are	  surrounded	  by	  hypercellular	  zones	  called	  pseudopalisades	  	  (Figure	  1).	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Figure	  1-­‐	   Representative	   pictures	   of	   the	   different	  WHO	  grade	   (from	   II	   to	   IV).	   Grade	   II:	   hyper-­‐cellularity.	  Grade	   III:	   hyper-­‐cellularity	   and	   nuclear	   atypia.	   Grade	   IV:	   hyper-­‐cellularity,	   nuclear	   atypia	   and	  pseudopalisading	  necrosis	  (white	  arrows).	  (Modified	  from	  Huse	  T.,	  et	  al.	  [4])	  	  	  Glioblastoma	   can	   be	   further	   divided	   in	   two	   groups:	   primary	   and	   secondary.	  Primary	  glioblastoma	  manifests	  de	  novo	  without	  any	  evidence	  of	  a	  pre-­‐existing	  lesion,	  while	  secondary	  glioblastoma	  develops	  from	  a	  lower	  grade	  glioma	  (II	  or	  III)	  	  [5].	  Oligodendroglioma	  and	  anaplastic	  oligodendroglioma	  never	  progress	  in	  to	  a	  grade	  IV.	  Primary	   and	   secondary	   glioblastoma	   constitute	   different	   diseases,	   the	   study	  of	  their	   genetic	   alterations	   has	   indeed	   shown	   that	   they	   evolve	   through	   different	  genetic	  pathways.	  	  Figure	  2	  describes	  the	  main	  genetic	  alterations	  accordingly	  to	  tumor	  type	  and	  degree	  of	  malignancy	  of	  adult	  glioma	  [6].	  	  The	  grade	  II	  astrocytomas	  carry,	  in	  more	  than	  50%	  of	  the	  cases,	  mutations	  of	  the	  tumor	   suppressor	   gene	   TP53	   and	   loss	   of	   heterozygosity	   on	   chromosome	   17p.	  Gains	  on	  chromosome	  7	  are	  also	  common.	  Recently,	  mutations	  of	  the	   isocitrate	  dehydrogenase	   1	   (IDH1)	   gene	   (or	   on	   IHD2)	   have	   been	   identified	   in	   the	   vast	  majority	  of	  grades	   II	   and	   III	   gliomas	   [7].	  Moreover,	  ATRX	   alterations	  are	   found	  frequently	  in	  association	  with	  IDH1/2	  and	  TP53	  mutations	  [8].	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Figure	   2	   -­‐	   Pathogenetic	   and	   epigenetic	   evolution	   of	   glioma	   in	   adults.	   Percentages	   indicate	   proportion	   of	  patients	  with	   indicated	   characteristic	   genetic	   alteration	   in	   each	   type	  of	   glioma.	  The	  mean	   age	  of	   primary	  glioblastoma	   is	   55	   years,	   whereas	   secondary	   glioblastoma	   are	   frequently	   observed	   in	   younger	   patients:	  mean	  age	  39	  years.	  Picture	  taken	  from	  Hegi,	  M.	  E.	  &	  Stupp,	  R.	  (2013)[9]	  	  Grade	   III	   glioma	   shows	   additional	   genetic	   changes	   on	   key	   tumor	   suppressor	  genes	  such	  as:	  CDKN2A,	  CDKN2B,	  and	  p14ARF.	  Grade	  II	  and	  III	  oligodendroglioma	  are	  genetically	  different	  from	  the	  grade	  II	  and	  III	  astocytoma:	  they	  usually	  carry	  
TERT	  mutation	   and	   codeletion	   of	   1p/19q	   [10].	   Using	   these	   genetic	   differences	  it’s	   possible	   to	   easily	   distinguish	   oligodendroglioma	   from	   astocytoma	   while	  using	  histological	  analysis	  to	  correctly	  classify	  them,	  is	  not	  trivial.	  Primary	  glioblastoma	  shows	  a	  complex	  pattern	  of	  alterations	  with	  inactivation	  of	  various	   tumor	   suppressor	   genes	   and	   activation	   of	   proto-­‐oncogenes.	   The	   most	  important	   alterations	   being	   EGFR	   amplification,	   PTEN	   mutation,	   trisomy	   of	  chromosome	   7,	   and	   monosomy	   of	   chromosome	   10.	   Recently,	   TERT	   mutations	  have	  been	  added	  as	  characteristic	  feature	  of	  primary	  glioblastoma:	  83%	  of	  tested	  cases	  carried	  TERT	  mutations	  while	  only	  10%	  in	  secondary	  Grade	  IV	  [10].	  On	  the	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contrary,	   IDH1	  mutations	  are	  nearly	  never	   found	   in	  primary	  glioblastomas,	  yet	  are	  commonly	  detected	  in	  secondary	  glioblastomas,	  again	  showing	  the	  different	  origin	  of	  these	  two	  diseases.	  	  	  
2.	  Management	  and	  Survival	  of	  Glioblastoma	  Patients	  	  	   The	  standard	  care	  for	  glioblastoma	  patients	  consists	  of	  a	  multidisciplinary	  approach	   that	   encompasses	   surgical	   resection,	   radiotherapy	   (RT),	   and	  concomitant	  and	  adjuvant	  chemotherapy	  [11].	  	  The	  first	  step	  is	  surgery,	  where	  the	  main	  goal	  is	  the	  reduction	  of	  the	  symptoms	  that	   are	   due	   to	   tumor-­‐induced	   compression	   of	   surrounding	   tissue.	   It	   has	   been	  shown	  that	  a	  more	  aggressive	  resection	  is	  associated	  with	  improved	  outcome.	  A	  tumor	  resection	  of	  	  >	  98%	  doubles	  survival	  over	  that	  following	  biopsy	  alone	  [12].	  Subsequent	   to	   surgical	   resection,	   the	   chemotherapeutic	   agent	   Temozolomide	  (TMZ)	   is	  administered	  daily	  during	  radiotherapy,	  and	   its	  use	   is	  continued	  after	  as	  a	  maintenance	  treatment.	  	  TMZ	   is	   an	   oral	   alkylating	   agent	   that	   is	   rapidly	   absorbed	   and	   it	   doesn’t	   usually	  provoke	   strong	   side	   effects	   [13].	   The	   mechanism	   of	   action	   is	   through	   DNA	  methylation:	   the	  most	   important	   alteration	   caused	   by	   TMZ	   is	   the	   alkylation	   of	  the	   O6-­‐position	   of	   guanine.	   This	   modification,	   when	   not	   repaired,	   acts	   as	   a	  trigger	   for	   apoptosis	   and	   cytotoxicity.	   The	   DNA	   repair	   enzyme	  methylguanine	  methyltransferase	   (MGMT)	   is	   responsible	   for	   the	   reparation	   of	   O6-­‐methylguanine	   but	   it’s	   often	   not	   expressed	   in	   glioblastoma	   patients	   due	   to	  promoter	   methylation.	   The	   lack	   of	  MGMT	   expression	   is	   indeed	   the	   key	   of	   the	  effectiveness	   of	   TMZ:	   it	   has	   been	   shown	   that	   only	   the	   subjects	   whose	   tumors	  harboured	   a	   methylated	   MGMT	   promoter	   benefited	   from	   TMZ,	   whereas	   the	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others	  didn’t	  [14].	  Thanks	  to	  this	  study	  MGMT	  has	  become	  the	  first	  and	  still	  only	  predictive	   factor	   for	   therapy	   response	   and	   hence	   survival	   of	   glioblastoma	  patients.	  	  The	  standard	  of	  care	  has	  been	  established	  during	  the	  randomised	  phase	  III	  trial	  EORTC-­‐26981-­‐22981	  where	  one	  of	  the	  eligibility	  criteria	  for	  patients	  was	  a	  limit	  in	  age	  <	  70.	  This	   resulted	   in	  a	   lack	  of	  knowledge	  about	  how	  to	   treat	   the	  group	  that	   includes	  elderly	  patients.	   For	  patients	  older	   than	  70	  years,	   less	  aggressive	  therapy	  is	  usually	  employed,	  using	  RT	  or	  TMZ	  alone.	  Recently,	  results	   from	  the	  NORDIC	  randomised	  phase	  III	  trial,	  have	  shown	  that	  in	  elderly	  patients	  standard	  RT	  is	  associated	  with	  poor	  outcomes	  and	  that	  TMZ	  and	  hypofractionated-­‐RT	  are	  better	   therapy	   options.	   This	   study	   has	   also	   confirmed	   the	   predictive	   role	   of	  MGMT	  methylation	  [15].	  	  Despite	   this	   multidisciplinary	   approach	   the	   survival	   is	   still	   extremely	   dismal	  with	  a	  median	  around	  15	  months.	  Age	  at	  diagnosis	  plays	  a	  very	  important	  role,	  for	  patients	  >	  60	  years	  old	  the	  survival	  drops	  to	  less	  then	  12	  months.	  The	  cause	  of	   death	   is	   usually	   the	   recurrence	   of	   the	   original	   tumor.	   Virtually,	   all	  glioblastomas	   re-­‐grow	  within	  2	   cm	   from	   the	   location	  of	   the	  original	  neoplasm.	  This	  is	  due	  to	  the	  extremely	  high	  capability	  of	  glioblastoma	  cells	  to	  migrate	  and	  to	  invade	  the	  surrounding	  brain	  structures,	  increasing	  the	  difficulty	  of	  extensive	  surgical	  resection	  and	  thus	  leading	  to	  recurrences	  (Figure	  3).	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Figure	  3	  -­‐	  The	  model	  for	  glioma	  invasion:	  glioma	  cells	  migrate	  along	  the	  already	  existing	  brain	  structures.	  As	  consequence	  of	  such	  extended	  invasion	  the	  resection	  is	  not	  100%	  complete	  and	  it	  is	  followed	  by	  tumor	  relapse.	  Figure	  adapted	  from	  Wang	  et	  al.	  [16].	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The	  WNT	  Pathways	  
1.	  The	  Canonical	  WNT	  pathway	  	  	   The	  WNT	  signaling	   is	   implicated	   in	  many	   fundamental	  mechanisms	   that	  control	  cell	  proliferation,	  cell	  polarity,	  cell	  fate	  and	  tissue	  homeostasis	  [17].	  The	  importance	   of	   this	   pathway	   was	   made	   clear	   by	   the	   level	   of	   evolutionary	  conservation:	  WNT	  ligands	  are	  conserved	  in	  all	  metazoan	  animals	  [18].	  The	  first	  branch	  of	  the	  WNT	  signaling	  that	  has	  been	  discovered	  and	  intensively	  studied	  is	  called	  the	  canonical	  WNT	  pathway	  or	  β-­‐catenin	  dependent	  pathway	  (Figure	  4).	  The	   name	   is	   attributed	   to	   the	   main	   output	   of	   this	   complex	   signaling	   cascade,	  which	   regulates	   the	   available	   amount	   of	   the	   β-­‐catenin	   in	   the	   nucleus.	  Subsequently,	  β-­‐catenin	  regulates	  the	  transcription	  of	  a	  plethora	  of	  target	  genes.	  	  
	  
	  	  Figure	  4	  –	  The	  two	  states	  of	  the	  canonical	  WNT	  pathway:	  on	  the	  left	  is	  a	  scheme	  of	  the	  OFF	  state	  while	  on	  the	  right	  is	  pictured	  the	  activated	  state.	  Figure	  from	  Bryan	  T.	  MacDonald	  et	  al	  [19]	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In	   mammals,	   there	   are	   19	   different	   WNT	   ligands,	   which	   are	   cysteine-­‐rich	  proteins	   of	   approximately	   350–400	   amino	   acids	   [20].	   Upon	   translation	   WNT	  ligands	   enter	   the	   endoplasmic	   reticulum	   where	   they	   undergo	   multiple	   post-­‐translational	   modifications.	   The	   most	   important	   being	   glycosylation	   and	  acylation,	   where	   the	   latter	   is	   essential	   for	   their	   biological	   activity.	   After	  maturation	  WNT	   ligands	   are	   secreted	   and	   they	   can	   bind	   to	   proteoglycans	   and	  lipoprotein	   particles	   to	   form	   gradients,	   necessary	   for	   the	   correct	   signal	  transduction.	  	  As	   mentioned	   before,	   when	   WNT	   ligands	   are	   not	   available	   the	   machinery	   to	  degrade	  β-­‐catenin,	  named	  the	  destruction	  complex,	  is	  active.	  	  	  This	   complex	   includes	   different	   proteins:	   Axin,	   adenomatosis	   polyposis	   coli	  (APC),	  protein	  phosphatase	  2A	  (PP2A),	  glycogen	  synthase	  kinase	  3	   (GSK3)	  and	  casein	   kinase	   1α	   (CK1α).	   β-­‐catenin	   degradation	   is	   achieved	   by	   its	  phosphorylation	   at	   different	   residues	   by	   both	   kinases	   CK1α	   and	   GSK3.	   These	  modifications	   create	   a	   binding	   site	   for	   the	   E3	   ubiquitin	   ligase	   β-­‐Trcp	   that,	  subsequently,	  ubiquinates	  β-­‐catenin.	  Ubiquitinated	  β-­‐catenin	  is	  then	  recognised	  as	  a	  substrate	  for	  proteasomal	  degradation	  [21].	  	  When	  WNTs	  are	  available	  they	  bind	  to	  the	  receptors	  and	  start	  the	  activation	  of	  the	  signaling.	  There	  are	  different	  receptors	  involved:	  the	  most	  important	  are	  the	  Frizzled	  (FZD)	  receptors,	  encoded	  by	  10	  different	  genes	   in	   the	  human	  genome,	  and	  low-­‐density	  lipoprotein	  receptor	  related	  protein	  5	  or	  6	  (LRP5/6).	  The	   binding	   of	   WNT	   proteins	   to	   the	   extracellular	   domain	   of	   FZ	   and	   LRP5/6	  induces	   the	   phosphorylation	   of	   the	   cytoplasmic	   tail	   of	   Lrp5/6	   by	   GSK3	  generating	   several	   docking	   sites	   for	   Axin.	   The	   delocalisation	   of	   Axin	   to	   the	  cytoplasmatic	  membrane	   disrupts	   the	   destruction	   complex	   thus	   impairing	   the	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degradation	  of	  β-­‐catenin.	  The	  increased	  availability	  of	  β-­‐catenin	  is	  reflected	  in	  an	  increase	  of	  translocation	  into	  the	  nucleus,	  by	  a	  poorly	  defined	  mechanism,	  where	  it	  serves	  as	  a	  co-­‐activator	  for	  the	  TCF/LEF	  transcription	  factors.	  The	  TCF/LEF	  family	  of	  transcription	  factors	  are	  the	  main	  partners	  for	  β-­‐catenin.	  When	  β-­‐catenin	  is	  degraded	  and	  not	  available	  in	  the	  nucleus	  TCF	  represses	  gene	  expression	   by	   interacting	   with	   the	   repressor	   TLE1.	   WNT	   pathway	   activation	  induces	  the	  accumulation	  of	  β-­‐catenin	  in	  the	  nucleus	  where	  it	  interacts	  with	  TCF,	  displacing	   TLE1	   and	   activating	   gene	   transcription	   by	   recruiting	   other	   co-­‐activators	  [22].	  
	  
2.	  The	  Non-­canonical	  WNT	  pathways	  	  	   The	   non-­‐canonical	   WNT	   pathways	   are	   less	   characterised	   than	   the	  canonical	   pathway.	   They	   are	   generally	   defined	   as	   WNT	   or	   FZD	   dependent	  signaling	  that	  are	  β-­‐catenin	  independent.	  As	  is	  shown	  in	  Figure	  5,	  there	  are	  many	  different	   signaling	   cascades	   described.	   Often	   the	   boundaries	   between	   the	  depicted	   branches	   are	   not	   rigid	   and	   the	   overlap	   between	   them	   shouldn’t	   be	  underestimated.	  	  
	  
The	  Planar	  Cell	  Polarity	  Pathway	  (PCP)	  One	   of	   the	   non-­‐canonical	   WNT	   pathways	   is	   the	   planar	   cell	   polarity	   (PCP)	  pathway.	  This	  pathway	  was	   first	  discovered	  and	  defined	   in	  Drosophila.	  What	   is	  known	  in	  vertebrates,	  is	  that	  the	  binding	  of	  WNT5a	  and	  WNT11	  to	  Fz	  receptor	  is	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involved	  in	  the	  regulation	  of	  cytoskeleton	  and	  cell	  adhesion.	  The	  signaling	  runs	  through	  activation	  of	  DVL	  and,	  usually,	  via	  activation	  of	  ROCK	  and	  JNK	  [23].	  	  
	  
Figure	  5.	  An	  overview	  of	   the	  different	  non-­‐canonical	  WNT	  signaling	  pathways.	  The	  cartoon	   is	   taken	  from	  Semenov,	  M.	  et	  al.	  [24].	  	  	  
The	  Calcium	  Pathway	  WNT5	   and	   WNT11	   have	   also	   been	   implicated	   in	   promoting	   a	   different	   non-­‐canonical	   WNT	   pathway	   named	   the	   calcium	   pathway.	   The	   binding	   with	   the	  receptor,	   usually	   Fz2,	   regulates	   the	   intracellular	   Ca2+	   level.	   This	   pathway	  activates	   protein	   kinase	   C	   (PKC)	   and	   CaMKII	   affecting	   cell	   adhesion	   and	  inhibiting	   the	   canonical	   WNT	   pathway.	   The	   stimulation	   of	   p38	   kinase,	   via	  MKK3/6,	  has	  also	  been	  described	  [25].	  	  
	  
Other	  Non-­‐Canonical	  Pathways	  Several	   other	   less	   defined	   signaling	   pathways	   have	   been	   described	   in	  vertebrates.	  Here	  is	  a	  concise	  list	  of	  what	  is	  known:	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1	   -­‐	   WNT8	   is	   implicated	   in	   the	   WNT-­‐RAP1	   axes	   that	   controls	   the	   actin	  cytoskeleton	  and	  cell	  adhesion	  during	  vertebrate	  gastrulation.	  	  2	   -­‐	   ROR2	   is	   a	   receptor	   that	   when	   is	   bound	   to	   WNT5α	   it	   activates	   the	   JNK	  pathway,	   resulting	   in	   activation	   of	   the	   transcription	   factors	   ATF2	   and	   cJUN.	  Wnt5a/ROR2	  signaling	  has	  been	  shown	  to	  downregulate	  β-­‐catenin	  signaling.	  3	  -­‐	  WNT-­‐PKA	  signaling	  is	  instead	  implicated	  in	  myogenesis.	  WNT1	  and	  WNT7α	  cause	   an	   increase	   in	   cAMP	   levels,	   which	   activates	   PKA	   and	   the	   transcription	  factor	  CREB.	  	  	  
3.	  WNT	  Pathways	  Agonists	  and	  Antagonists	  	   The	  WNT	  pathway	   is	   finely	  regulated	  by	  a	  plethora	  of	  secreted	  proteins	  that	  act	  as	  agonists	  or	  antagonists	  (Figure	  6).	  	  	  
	  
Figure	  6	  –	  WNT	  pathway	  agonists	  and	  antagonists:	  a	  schematic	  view.	  A)	  Antagonists:	  WIF	  and	  sFRP	  work	  as	  decoy	  by	  binding	  to	  WNT	  ligands	  and	  preventing	  the	  interaction	  with	  the	  designated	  receptors.	  DKK	  and	  SOST/	  WISE	  proteins	  prevent	  the	  formation	  of	  the	  interaction	  between	  FZD	  and	  LRP6.	  SHISAs	  prevent	  the	  transport	  of	  FZD	  from	  the	  ER	  to	  the	  membrane.	  	  B)	  Agonists.	  WNT	  ligands	  interact	  with	  the	  receptors	  and	  activate	  the	  downstream	  signaling.	  Norrin	  works	  as	  a	  WNT	  ligand,	  but	  it	  binds	  only	  to	  Fz4.	  Picture	  taken	  from	  MacDonals	  et	  al.(2009)[19].	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The	   first	   group	   of	   antagonists	   includes	   the	   secreted	   Frizzled	   related	   proteins	  	  (sFRPs),	  and	  WNT	  inhibitory	  protein	  1	  (WIF1).	  They	  are	  secreted	  proteins	  that	  bind	  to	  WNT	  ligands	  and	  prevent	  their	  interaction	  with	  the	  receptors.	  Since	  they	  can	   bind	   to	   the	   majority	   of	   WNT	   ligands	   they	   are	   able	   to	   inhibit	   both	   the	  canonical	   and	   the	   non-­‐canonical	   pathways	   [26].	   Two	   other	   distinct	   classes	   of	  WNT	  inhibitors	  are	  the	  Dickkopf	  (DKK)	  family	  and	  the	  Wise/SOST	  family.	  These	  antagonists	   can	   modulate	   only	   canonical	   WNT	   signaling	   by	   destabilisation	   of	  FZD-­‐LRP6	  receptor	  [27-­‐29].	  	  The	   last	   group	   includes	   the	   Shisa	  protein.	  Here	   the	  mechanism	  of	   inhibition	   is	  based	  on	  the	  retention	  of	  FZD	  protein	  in	  the	  endoplasmic	  reticulum	  [30].	  For	   what	   concerns	   the	   agonists	   of	   the	   WNT	   pathway	   Norrin	   and	   R-­‐spondin	  proteins	  are	  the	  two	  main	  players.	  Although	  Norrin	  is	  not	  related	  to	  WNT	  family	  proteins,	   it	   functions	   like	  a	  WNT	  ligand.	   It	  binds	  with	  high	  affinity	  the	  receptor	  Fz4	   and	   induces	   the	   activation	   of	   the	   WNT	   canonical	   signaling	   [31].	   The	   R-­‐spondin	  family	  can	  instead	  positively	  regulate	  both	  canonical	  and	  non-­‐canonical	  WNT	   signaling	   pathways.	   Although	   the	   R-­‐spondin-­‐dependent	   regulation	   of	   the	  WNT	  pathway	  has	  been	  established	  in	  several	  in	  vitro	  and	  in	  vivo	  studies,	  it’s	  still	  unknown	   if	   they	   activate	   the	  pathway	   independently	  or	   in	   complex	  with	  other	  WNT	  ligands	  [32].	  	  
WNT	  inhibitory	  factor	  1	  –	  WIF1	  The	  human	  WIF1	  gene	  is	   located	  on	  the	  chromosome	  12q14.2.	  It	   is	  oriented	  on	  the	  minus	  strand	  and	  comprises	  10	  exons	  spanning	  71007	  bp	  of	  genomic	  DNA.	  The	  mRNA	  produced	   is	  2304	  base	  pair	   long.	  The	  promoter	   region	  of	  WIF1	  has	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been	   cloned	   and	   studied	   by	   Reguart	   et	   al.	   [33],	   and	   its	   structure	   is	   shown	   in	  Figure	  7.	  Regulatory	  elements	   in	  the	  WIF1	  promoter	  comprise	  a	  TATA	  box	  and	  binding	   sites	   of	   the	   transcription	   factors:	   Engrailed,	   E2F,	   GLI-­‐Krueppel,	  NF-­‐κB,	  and	  MYC.	  The	  CpG	  island,	  located	  upstream	  of	  the	  WIF1	  transcriptional	  start	  site,	  when	  hypermethylated	  is	  responsible	  for	  WIF1	  expression	  downregulation.	  	   	   	   	  	  
	  	  	  
Figure	  7.	  Structure	  of	  human	  WIF1	  promoter	  	  WIF1	   is	   a	   protein	   of	   379	   aminoacids,	   composed	   of	   a	   signal	   peptide	   for	  extracellular	   secretion,	   a	   WIF	   domain,	   five	   EGF	   repeats	   and	   a	   hydrophilic	   C	  terminus	  (Figure	  8).	  	  	  
	  
Figure	  8.	  WIF1	  protein	  structure	  	  The	  WIF	   domain	   is	   responsible	   for	   the	   binding	   with	   the	  WNT	   ligands	   and	   to	  olfactomedin	   1,	   a	   protein	   involved	   in	   neuronal	   differentiation	   [34].	   In	  development	  WIF1	  starts	  to	  be	  produced	  during	  somitogenesis	  and	  maintains	  its	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expression	  in	  adults	  mainly	  in	  the	  lung,	  heart,	  and	  at	  the	  cartilage-­‐mesenchyme	  interface	  (data	  derived	  from	  Xenopus,	  zebrafish	  and	  mouse).	  	  	  WIF1	   is	   a	   secreted	   WNT	   inhibitor	   that	   works	   by	   sequestering	   soluble	   WNT	  proteins.	   It	   prevents	   the	   interaction	   between	   WNT	   morphogens	   and	   their	  specific	  receptors	  (Figure	  9).	  WIF1	  has	  been	  shown	  to	  bind	  to	  agonists	  of	  both,	  the	   canonical	   and	   the	   non-­‐canonical	   WNT	   pathway.	   In	   contrast	   to	   other	  inhibitors	   like	   DKKs	   that	   can	   inhibit	   only	   the	   β-­‐catenin	   dependent	   pathway,	  WIF1	  can	  block	  the	  activation	  of	  both	  the	  canonical	  and	  the	  non-­‐canonical	  WNT	  signaling	  pathway	  [35].	  It	  has	  been	  shown	  by	  Malinauskas	  et	  al.	  that	  WIF1	  has	  a	  modular	  mechanism	   of	   inhibition	   [36].	   The	  WIF	   domain	   is	   responsible	   for	   the	  binding	  with	  WNT	   ligands	  and	   the	   five	  EGF-­‐like	  domains	   seems	   to	  be	  partially	  involved	   in	   the	   extracellular	   localization	   of	   WIF1.	   The	   essential	   formation	   of	  gradients	  of	  WNT	  morphogens	  during	  development	  is	  mediated	  by	  interaction	  of	  the	   EGF-­‐like	   domains	   and	   some	   glycosaminoglycans,	   namely	   heparin	   and	  heparan	  sulfate.	  
	  	  
Figure	  9.	  WIF1	  inhibition	  mechanism.	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Implications	   of	   the	   WNT	   Pathways	   in	   Tumor	   Development	   and	  
Progression 	   The	   WNT	   pathway	   controls	   many	   aspects	   of	   cell	   fate,	   cell	   growth	   and	  tissue	  homeostasis,	  thus	  it’s	  not	  surprising	  that	  abnormalities	  in	  WNT	  signaling	  are	  found	  in	  a	  wide	  range	  of	  cancers	  [37].	  The	  close	  association	  between	  tumor	  development	  and	  WNT	  pathways	  is	  indeed	  well	   described	   by	   the	   anecdote	   of	   how	   the	   first	   WNT	   encoding	   gene	   was	  discovered	   in	   mice.	   WNT1	   was	   identified	   as	   an	   inducer	   of	   mammary	   tumor	  formation	  in	  mice	  when	  infected	  with	  the	  murine	  mammary	  tumor	  virus	  [38].	  	  With	   recent	   progress	   in	   sequencing	   technology	   the	   list	   of	   WNT-­‐related	  alterations	  is	  constantly	  growing.	  The	  most	  famous	  and	  common	  alterations	  are	  those	   that	   affect	   the	   APC	   gene.	   APC	   defects	   are	   both	   the	   cause	   of	   familial	  adenomatous	  polyp	  osis,	   a	   syndrome	   that	   ultimately	   leads	   to	   colorectal	   cancer,	   and	  mutations	   are	  found	   in	   the	   vast	   majority	   of	   all	   sporadic	   colorectal	   cancers	   [39].	   Beside	  mutations,	   epigenetic	   modifications	   in	   DNA	   and	   chromatin	   status	   have	   been	  shown	   to	   play	   an	   important	   role	   in	   tumor	   progression	   by	   modulation	   of	  expression	  of	  WNT	  genes	  [40].	   Indeed,	  genome-­‐wide	  analysis	  of	  promoter	  DNA	  methylation	   in	   different	   cancers	   showed	   common	   repression	   of	  WNT	  pathway	  inhibitors	  such	  as	  sFSR1,	  WIF1	  and	  DKKs	  [41].	  Another	  mechanism	   that	   has	   been	   described	   concern	   chromatin	  modifications	  that	   lead	   to	   gene	   activation.	   The	   carboxyl	   terminus	   of	   β-­‐catenin	   can	   associate	  with	  many	   chromatin-­‐remodelling	   enzymes	   that	  mediate	   the	   establishment	   of	  histone	  marks	  associated	  with	  highly	  active	  genes	  [42].	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WIF1	  association	  with	  cancer	  	  WIF1	  expression	  deregulations	  have	  been	  associated	  with	  several	  type	  of	  cancer:	  1)	  Cervical	   cancer.	  WIF1	   is	   downregulated	   by	   promoter	   hypermethylation	   in	  87.5%	   of	   primary	   cervical	   cancer.	   Peritumoral	   WIF1	   gene	   transfer	   induces	  apoptosis	  and	  inhibits	  growth	  and	  invasion	  	  [43]	  2)	   Primary	   non-­small-­cell	   lung	   carcinoma	   (NSCLC).	   WIF1	   is	   frequently	  downregulated	   and	   this	   downregulation	   is	   correlated	   with	   WIF1	   promoter	  hypermethylation	  	  [44].	  3)	   Osteosarcoma.	   Hypermethylation	   of	   the	   WIF1	   promoter	   is	   found	   in	   the	  majority	   of	   osteosarcoma	   cell	   lines	   tested	   and	   it	   correlates	   with	  WIF1	   mRNA	  downregulation	  [45].	  	  4)	  Hepatocellular	  carcinoma	  (HCC).	  WIF1	   is	  frequently	  dowregulated	  through	  promoter	  hypermethylation	  [46].	  	  5)	  Mesothelioma.	  WIF1	   promoter	   methylation	   was	   reported	   from	   73.9%	   of	  mesothelioma	  tissues	  and	  in	  100%	  of	  tested	  mesothelioma	  cell	  lines	  [47]	  6)	  Renal	  cell	  carcinoma	  (RCC)	  WIF1	  is	  downregulated	  by	  promoter	  methylation	  and	  when	  re-­‐expressed	  induces	  apoptosis	  in	  RCC	  cells	  [48].	  	  7)	   Bladder	   cancer.	   Epigenetic	   inactivation	   of	   WIF1	   in	   bladder	   cancer	  deregulates	  WNT	   pathway	   activation.	  WIF1	   re-­‐expression	   induces	   a	   G1-­‐arrest	  via	  p27	  and	  p21	  accumulation	  	  [49,	  50].	  8)	  Esophageal	  adenocarcinoma	  (EAC).	  Epigenetic	  alteration	  of	  WIF1	  is	  an	  early	  event	   in	   the	   carcinogenesis	   of	   EAC.	   It’s	   suggested	   to	   be	   involved	   in	   the	  progression	  from	  Barrett’s	  esophagus	  (BE)	  to	  EAC	  thus	  WIF1	  hypermethylation	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is	  proposed	  to	  be	  used	  as	  a	  diagnostic	  and	  predictive	  marker	  for	  increased	  EAC	  risk	  in	  BE	  patients.	  [51].	  9)	   Gastrointestinal	   cancers.	   WIF1	   expression	   has	   been	   reported	   to	   be	  downregulated	   in	   80.0%	   of	   esophageal,	   74.2%	   of	   gastric,	   82.0%	   of	   colorectal,	  and	   75%	   of	   pancreatic	   cancer	   tissues.	   WIF1	   silencing,	   mediated	   by	  hypermethylation,	   is	  proposed	  to	  be	  an	  early	  event	  in	  colorectal	  carcinogenesis	  [52].	  10)	   Breast	   Cancer.	   67%	   of	   breast	   adenocarcinoma	   (Stages	   II	   or	   III)	   shows	  aberrant	  WIF1	  promoter	  methylation	  [53].	  	  11)	  Salivary	  gland	  pleomorphic	  adenoma.	  WIF1	   is	   rearranged	   resulting	   in	   a	  
HMGA2/WIF1	   fusion	   transcript.	   In	   consequence	   of	   this	   fusion	   WIF1,	   that	   in	  normal	  salivary	  gland	  tissue	  is	  highly	  expressed,	  becomes	  downregulated.	  On	  the	  contrary,	  HMGA2	  that	  in	  normal	  tissue	  is	  not	  expressed	  is	  strongly	  upregulated	  [54].	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WNT	  Pathway	  in	  Glioblastoma,	  The	  State	  of	  the	  Art	  	   Many	  different	  groups	  have	  been	  studying	  the	  role	  of	  the	  WNT	  signaling	  pathway	   in	   glioblastoma.	   Although	   there	   are	   publications	   showing	   the	  involvement	   of	  WNT	   in	   glioblastoma	   a	   complete	   view	   concerning	   this	   topic	   is	  still	  missing.	  	  For	   what	   concern	   the	   biological	   role,	   the	   activation	   of	   the	   WNT	   canonical	  pathway	  has	  been	  associated	  with	  maintenance	  of	  glioma-­‐initiating	  cells	  (GICs).	  β-­‐catenin	   signaling	   is	   crucially	   involved	   in	   controlling	   stem	   cell	   fate	   during	  development	   and	   it	   has	   been	   shown	   that	   in	   glioblastoma	   it	   has	   a	   role	   in	   the	  maintenance	  of	  the	  self-­‐renewing	  capability	  of	  GICs	  [55].	  The	  alteration	  of	  the	  pathway	  is	  achieved	  on	  many	  different	  levels.	  In	  contrast	  to	  other	  cancers,	  mutations	  are	  not	  really	  common.	   	  The	  analysis	  of	  either	  APC	  or	  the	   β-­catenin	   encoding	   locus	   has	   not	   identified	   mutations.	   Only	   recently	   a	  mutation	   has	   been	   clearly	   associated	   with	   WNT	   pathway	   activation:	   FAT1	  inhibits	   the	  canonical	  pathway	  by	  binding	  β-­‐catenin	  and	  preventing	   its	  nuclear	  localization[56].	   Mutations	   of	   FAT1	   have	   been	   identified	   in	   glioblastoma	   [56].	  	  Deregulation	   of	   several	   WNT	   antagonists	   has	   also	   been	   reported,	   including	  secreted	  frizzled-­‐related	  proteins,	  DKK,	  and	  NAKED	  [41].	  	  The	   non-­‐canonical	   WNT	   pathway	   has	   not	   been	   extensively	   investigated	   and	  there	  are	  only	   two	  papers	  concerning	   the	  role	  of	  WNT5α	   in	  glioblastoma.	  Both	  publications	  found	  WNT5α	  to	  be	  an	  oncogene,	  involved	  in	  the	  maintenance	  of	  the	  invasive	  phenotype	  of	  glioblastoma	  [57,	  58].	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WIF1	  project:	  introduction	  and	  goals	  
	  
1.	  Project	  introduction	  	  	   The	   WIF1	   project	   derives	   from	   results	   obtained	   in	   the	   analysis	   of	   the	  genomic	  copy	  number	  aberrations	  of	  a	  cohort	  of	  glioblastoma	  patients.	  	  Frozen	   tumor	   samples	  were	   collected	   in	   the	   context	  of	   a	   randomised	  phase	   III	  trial	   aimed	   to	   test	   radiotherapy	   and	   concomitant	   TMZ	   as	   treatment	   for	  glioblastoma	   [11].	   From	   this	   cohort	  67	   tumors	  were	   extensively	  profiled:	   gene	  expression	  analysis	  was	  already	  established	  previously	  as	  reported	   in	  Murat	  et	  al.	   [59]	   and	   copy	   number	   aberration	   analysis	   was	   performed	   using	   the	   Array	  Comparative	  Genomic	  Hybridization	  (aCGH)	  technique.	   	  One	  of	   the	  goals	  of	   the	  aCGH	   project	   was	   to	   discover	   new	   genetic	   alterations	   to	   explain	   pathological	  molecular	  mechanisms	  that	  contribute	  to	  glioblastoma	  malignancy.	  Data	  derived	  from	  High-­‐throughput	  techniques	  carries	  a	  lot	  of	  new	  information	  but,	  however,	  extracting	  relevant	  and	  reliable	  information	  from	  such	  data	  is	  not	  trivial.	   aCGH	   data	   are	   usually	   really	   noisy	   due	   to	   a	   combination	   of	   different	  reasons	   such	   as	   tumor	   heterogeneity	   and	   contamination	   with	   normal	   tissue.	  Moreover,	  when	  the	  final	  aim	  is	  to	  find	  targets	  suitable	  for	  drug	  design,	  it	  should	  not	   be	   forgotten	   that,	   besides	   genomic	   alterations,	   there	   are	   many	   other	  pathological	   mechanisms	   that	   can	   contribute	   to	   altered	   gene	   expression.	   For	  example,	   both	   alterations	   of	   chromatin	   status	   and	   gene	   promoter	  methylation	  have	  been	  shown	  to	  be	  extremely	  important	  in	  modulating	  gene	  expression	  and	  thereby	  tumor	  development.	  Here,	  to	  minimize	  the	  risk	  of	  selecting	  false	  positive	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The	  mean	  DNA	  copy	  number	  of	  the	  region	  12q14–12q1	  is	  presented	  in	  figure	  7B,	  here	  it	   is	   indeed	  possible	  to	  see	  the	  confirmation	  of	  the	  deletion	  of	  the	  two	  loci	  located	   between	   CDK4	   and	   MDM2.	   Most	   samples	   exhibit	   a	   deletion	   between	  these	  two	  loci	  thus	  suggesting	  a	  merged	  amplicon	  of	  CDK4	  and	  MDM2	  probably	  organized	  extrachromosomally	  in	  double	  minutes	  [63,	  64].	  Among	  the	  potential	  candidate	   target	   genes,	   encoded	   from	   the	   deleted	   loci,	   WIF1	   was	   the	   most	  interesting.	  As	  explained	  in	  the	  introduction,	  this	  gene	  encodes	  a	  secreted	  WNT	  antagonist	  [34,	  35]	  and	  it	   is	  thus	  predestined	  as	  a	  candidate	  tumor	  suppressor.	  The	   interaction	   of	   WIF1	   with	   WNT	   ligands	   blocks	   their	   binding	   with	   the	   cell	  surface	  cognate	  receptor,	  thus	  downregulating	  activation	  of	  the	  pathway.	  Hence,	  loss	  of	  WIF1	  expression	  is	  expected	  to	  aberrantly	  activate	  WNT	  signaling,	  which	  is	  associated	  with	  cancer.	  CpG	  island	  hypermethylation	  of	  the	  WIF1	  promoter	  as	  a	  silencing	  mechanism	  has	  been	  described	  in	  several	  epithelial	  cancers	  [49,	  52]	  and	  more	   recently	   also	   in	   glioma	  where	   it	   seems	   to	   be	   associated	  with	   tumor	  grade	  [65].	  Moreover,	   WIF1	   expression	   in	   the	   glioma	   data	   set	   was	   encouraging:	   the	  expression	  was	  significantly	  lower	  in	  glioblastoma	  than	  in	  4	  nonneoplastic	  brain	  tissues	   (Figure11A).	   	   The	   low	   expression	   of	   WIF1	   in	   glioblastoma	   was	   also	  confirmed	   in	   all	   5	   independent	  glioblastoma	  data	   sets	   analyzed	   [66-­‐70](Figure	  11B)	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Figure	  11.	  WIF1	  expression	  is	  significantly	  low	  in	  glioblastoma	  when	  compared	  with	  normal	  brain	  tissue.	  (A)	  WIF1	  expression	   (Affymetrix	  probe	  set	  204712_at)	   in	  glioblastoma	   is	   signiﬁcantly	   lower	   than	   in	  non-­‐neoplastic	   brain	   tissues	   (P	   value	  <	  0.001),	   as	   determined	   in	   our	   gene	   expression	  data	   set.	   (B)	   Low	  WIF1	  expression	  was	   conﬁrmed	   in	  5	   independent	   glioblastoma	  data	   sets	   (Freije	   et	   al.	   [69],	   red;	  Rich	  et	   al.[68],	  violet;	  Phillips	  et	  al.[67],	  orange;	  Sun	  et	  al.[66],	  dark	  blue;	  Horvath	  et	  al.[70],	  green;	  our	  data	  set,	  Murat	  et	  al.[59],	  light	  blue).	  WIF1	  expression	  values	  are	  median	  centered	  within	  each	  data	  set	  independently.	  Figure	  taken	  from	  Lambiv	  et	  al.	  [62]	  	  	  The	  expression	  data	  suggested	  low	  WIF1	  expression	  in	  76%	  of	  glioblastoma	  and	  corresponding	   analysis	   of	   the	   aCGH	   data	   showed	   hemizygous	   deletions	   at	   the	  
WIF1	  locus	  in	  only	  10%	  (7/69).	  A	  more	  extended	  study	  of	  WIF1	  downregulation	  showed	   that	   this	   discrepancy	   was	   the	   result	   of	   alternative	   mechanisms	   of	  silencing	  rather	  than	  only	  genomic	  deletion.	  The	  analysis	  of	  the	  WIF1	  promoter	  by	   methylation-­‐specific	   PCR	   (MSP)	   revealed	   hypermethylation	   in	   2	   of	   6	  glioblastomas	   with	   hemizygous	   deletion.	   In	   an	   extended	   series	   of	   110	  glioblastoma,	  26%	  exhibited	  a	  methylated	  WIF1	  promoter	  (Figure	  12),	  and	  most	  established	   glioblastoma	   cell	   lines	   (14	   of	   15)	   showed	   hypermethylation	   of	   the	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Figure	   12	   -­‐	   Promoter	   methylation	   of	   WIF1	   in	   glioblastoma.	   DNA	   isolated	   from	   peripheral	   blood	  lymphocytes	   (PBLs)	   and	   the	   colon	   cancer	   cell	   line	   SW48	   served	   as	   controls	   for	   unmethylated	   (U)	   and	  methylated	   (M)	   WIF1	   promoter	   status,	   respectively.	   Glioblastomas	   2445,	   2447,	   and	   2448	   contain	   a	  methylated	  WIF1	  promoter,	  whereas	  the	  others	  harbor	  only	  an	  unmethylated	  gene	  promoter.	  Figure	  taken	  from	  Lambiv	  et	  al.	  [62]	  	  	  To	   functionally	   confirm	   the	   epigenetic	   deregulation	   of	   WIF1,	   several	  glioblastoma	   cell	   lines	  were	   treated	  with	   the	   DNA	   demethylating	   agent	   5-­‐aza-­‐cytidine	  (5-­‐AZA)	  for	  96	  h.	  WIF1	  expression	  was	  restored	  upon	  the	  demethylation	  treatment	  (Figure	  13).	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These	   data	   show	   the	   presence	   of	   two	   different	   mechanisms	   playing	   a	   role	   in	  targeting	  WIF1	   for	   silencing:	   epigenetic	  modifications	   and	   genomic	   alterations.	  Complementing	  mechanisms	   to	   ensure	   downregulation	   are	   key	   indications	   for	  the	  presence	  of	   tumor	   suppressor	   genes:	   the	   "two-­‐hit	   hypothesis"	   implies	   that	  both	  alleles	  that	  code	  for	  a	  particular	  tumor	  suppressor	  must	  be	  affected	  before	  an	  effect	  is	  manifested	  [71].	  	  	  
	  
2.	  Project	  goals	  	  	   WIF1	   was	   identified	   to	   be	   a	   potential	   tumor	   suppressor	   gene	   in	  glioblastoma.	  The	   exhaustive	   analysis	   of	  WIF1	   functions	  was	  needed	   to	   have	   a	  better	   understanding	   of	   its	   tumor-­‐suppressive	   functions.	   Moreover	   the	  characterisation	   of	   the	   molecular	   mechanism	   behind	   the	   tumor-­‐suppressive	  phenotype	  could	  lead	  to	  the	  identification	  of	  new	  target	  for	  therapy.	  	  The	  main	  goals	  of	  this	  project	  were:	  	   1. Characterisation	   of	   cellular	   phenotype	   upon	   reintroduction	   of	   WIF1	  expression.	  2. Evaluation	  of	  tumor	  suppressive	  functions	  both	  in	  vitro	  (growth	  and	  agar	  assay)	  and	  in	  vivo	  (Xenofraft	  in	  nude	  mice)	  3. Analysis	  of	  pathway	  alterations	  induced	  by	  WIF1	  re-­‐expression	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Results	  and	  Discussion	  
Establishment	  of	  WIF1	  Stably	  Expressing	  Glioblastoma	  Cell	  Lines	  	   The	   first	   experiments	   were	   performed	   using	   two	   cell	   lines:	   LN319	   and	  LN229	   [72].	   The	   first	   cell	   line,	   LN319,	   was	   transfected	   with	   either	   the	   empty	  vector	   (pcDNA3.1)	   or	   with	   the	   WIF1	   expressing	   construct	   (pcDNA3.1_WIF1).	  After	   the	   selection,	   resistant	   clones	   were	   selected	   and	   characterised	   for	  WIF1	  expression	  both	  on	   the	  RNA	   level	   (real	   time	  PCR)	   and	  on	   the	   secreted	  protein	  level	  by	  ELISA	  (Figure	  14A).	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The	   LN229	   cells	   were	   instead	   transfected	   with	   a	   different	   backbone	   plasmid	  named	  pIRES2-­‐EGFP.	  This	  plasmid	  allows	  the	  generation	  of	  stable	  cell	  lines	  that,	  in	  addition	  to	  the	  gene	  of	  interest,	  express	  a	  green	  fluorescence	  protein	  (EGFP).	  The	  presence	  of	  EGFP	   is	   indeed	  a	   tool	   to	   facilitate	   the	  process	  of	   selection	  and	  subsequent	  immunostaining/tracing	  of	  the	  engineered	  cells.	  As	  for	  the	  other	  cell	  line,	  many	   clones	  were	   initially	   selected	   and	   after	   testing	   for	  WIF1	   expression	  few	  clones	  were	  retained	  for	  follow-­‐up	  studies	  (Figure	  14B)	  	  
Stable	  expression	  of	  WIF1	  inhibits	  the	  canonical	  WNT	  pathways	  	  We	   further	   investigated	   the	   biological	   effects	   of	  WIF1	   in	   the	   glioblastoma	   cell	  lines	   LN319	   and	   LN229.	   Clones	   selected	   from	   stably	   transfected	   cells	   were	  characterized	   for	   WNT	   pathway	   activity.	   The	   activation	   of	   the	   β-­‐catenin	  dependent	   pathway	   was	  measured	   by	   using	   a	   luciferase-­‐based	   reporter	   assay	  based	   on	   two	   different	   plasmids:	   TOP-­‐Flash	   and	   FOP-­‐Flash.	   Both	   plasmids	  contain	  TCF/LEF-­‐binding	  sites	  and	  a	  minimal	  promoter.	  The	  difference	  between	  the	   two	   plasmids	   is	   that	   TOP	   contains	   the	   optimal	   TCF-­‐binding	   sites	   and	   FOP	  contains	   the	   mutated	   binding	   sites.	   The	   ratio	   of	   the	   luciferase	   values	   derived	  from	   TOP	   and	   FOP	   measure	   the	   activation	   of	   the	   WNT	   pathway	   (TOP)	  normalised	  to	  the	  background/noise	  signal	  (FOP).	   	  WIF1	  overexpressing	  LN319	  and	   LN229	   cells	   showed	   reduced	   WNT	   pathway	   activity	   compared	   with	   the	  respective	   control	   cells	   (Figure	   15A).	   The	   downregulation	   of	   the	   canonical	  pathway	  was	  also	  confirmed	  by	  measuring	  the	  expression	  of	  AXIN2,	  a	  prototypic	  WNT	  target	  gene	  [73]	  (Figure	  15B).	  The	  specificity	  of	  the	  observed	  effect	  on	  the	  WNT	   pathway	   was	   determined	   by	   silencing	   of	  WIF1	   by	   siRNAs.	   WIF1	   knock-­‐
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down	   indeed	   rescued	   transactivation	   of	   the	   TCF	   reporter	   in	   the	   ectopically	  expressing	  WIF1	   LN319	   cells,	   confirming	   that	   the	   detected	   attenuation	   of	   the	  WNT	  pathway	  was	  indeed	  WIF1	  dependent	  (Figure	  15C-­‐D).	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Anchorage-­Dependent	   and	   Anchorage-­Independent	   Growth	   of	  WIF1	  
overexpressing	  glioblastoma	  cells	  	  	   The	  WIF1-­‐expressing	   cell	   clones	   were	   used	   to	   investigate	   the	   effect	   of	  
WIF1-­‐mediated	   downregulation	   of	   the	   WNT	   pathway	   on	   proliferation.	  Anchorage-­‐dependent	   proliferation	   measured	   over	   3	   days	   was	   significantly	  decreased	  	  in	  both	  WIF1-­‐overexpressing	  LN319	  and	  LN229	  (Figure	  16).	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WIF1	  dose-­‐dependent	  manner.	  The	  high	  expressing	  WIF1	  clone	  LN319-­‐WIF1_C2	  displayed	  90%	  fewer	  colonies,	  while	  in	  the	  intermediate	  clone	  LN319-­‐WIF1_C6,	  the	  colony	  number	  was	  reduced	  by	  63%	  (Figure	  17	  A	  and	  B).	  The	  phenotype	  in	  the	   LN229	  was	   even	  more	   remarkable:	   three	   out	   of	   four	  WIF1	   overexpressing	  clones	  completely	  lost	  the	  ability	  to	  form	  colonies	  (Figure	  17	  C	  and	  D)	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Analysis	  of	  in	  vivo	  Tumorigenicity	  of	  WIF1-­overexpressing	  Clones	  	  	   Ectopic	   expression	   of	  WIF1	   in	   LN319	   cells	   completely	   suppressed	   the	  inherent	   tumorigenicity	   of	   this	   glioblastoma	   cell	   line.	  While	  mice	   injected	  with	  control	  cells	  started	  to	  develop	  tumors	  25	  days	  after	   injection,	  no	  tumors	  were	  detectable	   in	   the	   mice	   injected	   with	   WIF1-­‐expressing	   cell	   clones	   over	   the	  observation	  period	  of	  100	  days	  (Fig.	  18).	  Altogether,	  these	  experiments	  suggest	  an	  important	  role	  of	  the	  WNT	  pathway	  in	  the	  development	  of	  glioblastoma	  and	  a	  tumor	  suppressing	  function	  for	  WIF1.	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WIF1	  Overexpression	  Promotes	  a	  Senescence-­like	  Phenotype	  	   Observation	   of	   WIF1-­‐overexpressing	   cells	   (LN319	   and	   LN229)	   until	  confluence	  revealed	  a	  striking	  change	  in	  morphology.	  While	  control	  cells	  started	  to	   grow	   on	   top	   of	   each	   other	   without	   apparent	   contact	   inhibition,	   the	  WIF1-­‐expressing	   cells	   displayed	   a	   phenotype	   reminiscent	   of	   senescent	   cells	   with	  increased	   cell	   size.	   Next	   we	   evaluated	   recognized	   markers	   for	   senescence,	  including	  enhanced	  granularity	  of	   the	  cytoplasm,	  appearance	  of	  multinucleated	  cells,	   and	   presence	   of	   senescence-­‐associated	   β-­‐galactosidase	   activity.	   [74,	  75].	  Quantification	  of	  morphological	  changes	  was	  performed	  using	  fluorescence-­‐activated	  cell	  sorting	  analysis.	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Senescence-­‐like	  cells	  were	  defined	  as:	  highly	  granulated	  cells	  =	  high	  SS	  and	  big	  cells	   =	   high	   FS.	   We	   detected	   an	   increased	   percentage	   of	   senescence-­‐like	   cells	  in	  WIF1-­‐transfected	  clones	  with	  a	  positive	  relationship	  to	  WIF1	  secretion	  of	  the	  respective	   clones	   (Figure	   19).	   Similar	   differences	   were	   observed	   upon	   double	  staining	  of	  the	  cells	  with	  SA-­‐β-­‐galactosidase	  and	  DAPI,	  which	  visualizes	  nuclear	  morphology.	  In	  the	  LN319-­‐	  and	  LN229-­‐derived	  WIF1-­‐overexpressing	  clones,	  we	  scored	   an	   increased	   population	   of	   both	  multinucleated	   and	   SA-­‐β-­‐galactosidase	  positive	  cells	  (Figure	  20).	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To	   preciselz	   study	   WIF1	   effects	   we	   decided	   to	   change	   our	   experimental	  approach:	  from	  the	  stable	  WIF1-­‐expressing	  cell	  lines	  we	  established	  an	  inducible	  system.	  This	  choice	  was	  taken	  to	  be	  able	  to	  study	  the	  early	  events	  following	  WIF1	  induction	   and	   to	   avoid	   the	   possibility	   that	   the	   cells	   could	   circumvent	   the	  inhibition	  of	  the	  WNT	  pathway	  in	  response	  to	  chronic	  WIF1	  exposure.	  	  
Characterisation	  of	  the	  WIF1-­Inducible	  Glioblastoma	  Cells	  
1.	  Development	  of	  a	  WIF1-­Inducible	  Cell	  Line	  	  	   We	  developed	  a	  WIF1	   inducible	  cell	  line	  in	  the	  LN229	  using	  pTRE-­‐Tight-­‐BI	   vector	   (Clontec).	   Like	   all	   TET-­‐ON	   systems,	   the	   reverse	   tetracycline	  transactivator	  (rtTA)	  protein	  is	  capable	  of	  binding	  the	  operator	  only	  if	  bound	  by	  a	   tetracycline	   (doxocyclin),	   thus	   the	   introduction	   of	   doxycycline	   to	   the	   system	  initiates	   the	  transcription	  of	   the	  genetic	  product.	  The	  advantage	  of	   this	  specific	  vector	  is	  that	  the	  inducible	  promoter	  is	  bidirectional:	  while	  inducing	  the	  gene	  of	  interest	  (WIF1)	  a	  red	  fluorescent	  protein	  (dsRED)	  is	  also	  expressed,	  providing	  a	  fluorescent	  tag	  useful	  to	  select	  the	  highly	  inducible	  clones	  (Figure	  21).	  	  	  	  	   	  	  
	  
Figure	   21.	  WIF1-­‐inducible	   system.	   In	   the	   left	   panel	   shows	   the	   structure	   of	   the	   bidirectional	   promoter	  included	  in	  the	  pTRE-­‐Tight-­‐BI	  vector.	  In	  the	  right,	  representative	  pictures	  of	  dsRED	  expression	  are	  shown	  after	  36	  hours	  of	  doxocyclin	  induction.	  	  	  
Ptight-BI DsRed2 WIF1 
rtTA 
Dox 
Fig.4 Tet-On system used to inducibly express a 
fluorescent protein along with WIF1 
Ptight-BI DsRed2 WIF1 
rtTA 
Dox 
Fig.4 Tet-On system used to inducibly express a 
fluorescent protein along with WIF1 
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To	  generate	  the	  inducible	  cell	  line	  we	  transfected	  the	  LN229	  with	  three	  different	  vectors:	   the	   rtTA	  encoding	  plasmid	   (pUHG17-­‐1),	   the	  Puromicyn	  gene	   to	   confer	  resistance	   to	   the	   Puromycin	   selection	   marker	   (pBABE-­‐puro),	   and	   either	   the	  empty	  pTRE-­‐Tight-­‐BI	  vector	  or	  the	  WIF1	  encoding	  one.	  The	  cell	  line	  transfected	  with	   the	   empty	   pTRE-­‐Tight-­‐BI	   is	   named	   LN229_dsRED	   and	   it	   will	   serve	   as	   a	  control	  to	  exclude	  that	  either	  doxocyclin	  or	  the	  dsRED	  expression	  contribute	  to	  the	   final	   phenotype.	   The	   WIF1	   inducible	   cell	   line	   will	   be	   referred	   as	  LN229_inWIF1.	  Cells	  that	  stably	  integrated	  all	  three	  plasmids	  were	  selected.	  The	  clones	   that	   showed	   expression	   of	   dsRED	  without	   exposure	   to	   doxocyclin	  were	  discarded.	  The	  best	  clone	  for	  each	  cell	   line	  was	  then	  chosen	  accordingly	  to	  two	  features:	   1)	   rapid	   induction	  of	  dsRED	   or	  WIF1/dsRED	   induction	  2)	  highest	   and	  prolonged	  expression	  of	   the	   induced	  genes	  upon	  doxocyclin	   treatment.	   	   Figure	  22	  shows	  the	  induction	  kinetics	  for	  the	  two	  clones	  that	  were	  finally	  selected.	  	  It	  should	   be	   noted	   that	   the	   cell	   line	   LN229_dsRED	   shows	   a	   higher	   induction	   of	  
dsRED	   compared	   to	   the	   LN229_indWIF1.	   This	   difference	   can	   be	   attributed	   to	  concomitant	  expression	  of	  WIF1	  in	  the	  second	  cell	  line.	  	  We	   also	   tested	   the	   secretion	  of	  WIF1	  via	  ELISA	  and	  we	   followed	   the	   secretion	  over	   8	   days	   (Figure	   23).	   While	   the	   peak	   for	  WIF1	   transcription	   is	   around	   24	  hours,	  for	  the	  secretion	  of	  the	  protein	  an	  additional	  24	  hours	  are	  needed.	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Figure	  22	  –	  The	  kinetics	  of	  induction	  of	  both	  dsRED	  (upper	  panel)	  and	  WIF1	  (lower	  panel)	  are	  measured	  in	  LN229_dsRED	   and	   LN229_indWIF1	   by	   Real	   Time	   PCR.	   	   Doxocyclin	  was	   added	   at	   T	   zero	   (1µg/ml)	   and	   to	  maintain	  the	  induction	  it	  was	  re-­‐added	  to	  the	  medium	  every	  48	  hours	  (0.5µg/ml)	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2.	  WIF1	  Induction	  Impairs	  Cell	  Growth	  Both	  in	  vitro	  and	  in	  vivo	   	  	   	   	  The	  first	  experiments	  focused	  on	  confirming	  the	  phenotype	  described	  in	  the	  WIF1-­‐stable	   cell	   line.	   	   The	   growth	   potential	   was	   tested	   in	   both	   adherent-­‐dependent	  and	  independent	  conditions.	  The	  LN229_dsRED	  were	  used	  as	  control	  for	  doxocyclin	  treatment	  and	  dsRED	  induction.	  	  We	  confirmed	  the	  growth	  inhibiting	  potential	  of	  WIF1:	  the	  doxocyclin	  treatment	  reduced	  the	  growth	  in	  the	  LN229_indWIF1	  while	  no	  differences	  were	  detected	  in	  the	  LN229_dsRED	  (Figure	  24)	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sacrificed	  when	   they	  started	   to	  show	  any	  neurological	   symptoms	  or	  significant	  weight	   loss.	  Here,	  we	  observed	  a	   statistically	   significant	   increase	   in	   survival	  of	  the	  WIF1-­‐induced	  group	  although,	  in	  the	  end,	  all	  mice	  developed	  tumors	  (Figure	  26B).	  This	  result	  could	  be	  explained	  by	  loss	  of	  WIF1	  induction	  in	  the	  xenografts.	  Indeed,	   the	   analysis	   of	  WIF1	   expression	   in	   the	   resected	   xenografts	   showed	   no	  residual	  WIF1	  expression	  (Figure	  26C).	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3.	  WIF1	  Induction	  Reduces	  Migration	  Capability	  	   While	   counting	   colonies	   for	   the	   soft	   agar	   assay,	   we	   noticed	   that	   in	   the	  LN229_indWIF1	   treated	  with	  doxocyclin	  we	  could	  not	  detect	  any	  cells	  growing	  on	  the	  bottom	  of	  the	  plate.	  In	  the	  three	  other	  conditions	  a	  few	  cells	  managed	  to	  reach	  the	  bottom	  of	  the	  agar	  and	  to	  then	  expand	  in	  adhesion	  on	  the	  plate	  surface.	  Since	   this	   difference	   could	   be	   a	   consequence	   of	   migration	   modification	   we	  decided	  to	  investigate	  the	  motility	  of	  our	  cells	  by	  using	  both	  the	  trans-­‐well	  assay	  (Figure	   27A)	   and	   scratch	   assay	   (Figure	   27B).	   WIF1	   expression	   reduced	   the	  ability	  to	  migrate	  in	  both	  assays.	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4.	  WIF1	  inducible	  clones	  show	  a	  larger	  percentage	  of	  senescent	  cells	  	  	  	   To	   measure	   the	   percentage	   of	   senescent	   cells	   in	   the	   context	   of	   the	  inducible	  system,	  we	  grew	  cells	  until	  confluency	  and	  maintained	  induction	  for	  a	  total	  of	  10	  days.	  We	  investigated	  two	  parameters:	  1)	  percentage	  of	  flattened	  and	  enlarged	   cells	   2)	   percentage	   of	   flattened	   and	   enlarged	   cells	   that	   are	   SA-­‐β-­‐Galactosidase	  positive.	  In	  both	  cases	  WIF1	  induction	  increased	  the	  percentage	  of	  senescent	  cells	  (Figure	  28).	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Luciferase-­Based	   Analysis	   of	   Canonical	  WNT	   and	  WNT5α/JNK/AP-­1	  
Non-­Canonical	  WNT	  Signaling	  Pathways.	  	   After	   having	   established	   the	   WIF1	   inducible	   system	   and	   having	  reproduced	   the	   phenotype	   described	   in	   the	   stable	   cell	   line	   we	   started	   the	  analysis	   of	   the	   different	  WNT	   signaling	   pathways.	   The	   choice	   for	   the	   reporter	  system	  was	  not	   trivial.	   	   For	   the	   canonical	  WNT	  pathway	   activity	   the	  TOP/FOP	  system	  gives	   a	   clear	   read-­‐out	   but	   there	   is	   no	   gold	   standard	   for	   the	   analysis	   of	  non-­‐canonical	   signaling	  pathway.	   In	   the	   context	   of	   glioblastoma	   the	  main	  non-­‐canonical	  WNT	   signaling	   described	   is	   the	  WNT5a-­‐dependent	   activation	   of	   the	  JNK	  pathway	  [58,	  76].	  Activation	  of	  the	  WNT/JNK	  pathway	  can	  be	  measured	  by	  using	  an	  AP-­‐1	  luciferase-­‐based	  reporter	  system	  [77-­‐79].	  	  
WIF1	  expression	  clearly	  inhibits	  the	  WNT	  canonical	  pathway	  (Figure	  29_A)	  but	  it	  did	   not	   induce	   any	   alterations	   in	  AP-­‐1	   transactivation	   (Figure	   29_B).	   Together	  with	   the	   LN229_indWIF1,	   the	   LN229_dsRED	   were	   tested	   to	   exclude	   pathway	  fluctuations	  due	  to	  both	  doxocyclin	  exposure	  and	  dsRED	  expression:	  as	  expected,	  there	  were	  no	  significant	  changes	  in	  the	  control	  cell	  line.	  	  Given	  the	  complexity	  of	  this	  signaling	  pathway,	  these	  results	  do	  not	  exclude	  the	  involvement	   of	   the	   non-­‐canonical	   pathway	   in	   general,	   but	   they	   rule-­‐out	   the	  association	  of	  the	  JNK/AP1	  signaling.	  To	  better	  define	  which	  branch	  of	  the	  non-­‐canonical	   WNT	   pathway	   to	   investigate	   we	   took	   a	   different	   approach.	   We	  analysed	  the	  phosphorylation	  profiles	  of	  the	  main	  protein	  kinases	  (the	  complete	  list	   of	   kinases	   is	   shown	   in	   Figure	   30)	   involved	   in	   different	   signaling	   pathways	  using	  the	  Human	  Phospho-­‐Kinase	  Antibody	  Array	  (R&D	  system).	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Phosphorylation	   of	   ERK	   and	   p38	   are	   the	   main	   changes	   in	   WIF1	  
induced	  cells	  	   We	   analyzed	   the	   phosphorylation	   profile	   of	   46	   kinases	   in	   the	  LN229_indWIF1	   with	   and	   without	   WIF1	   induction.	   The	   two	   protein	   samples	  (control	   and	   doxocyclin	   induced)	   were	   hybridized	   on	   two	   identical	   antibody-­‐spotted	  membranes	  and	  after	  the	  development	  the	  pixel	  density	  of	  each	  spot	  was	  analysed	   with	   imageJ.	   The	   results	   shown	   are	   the	   ratio	   between	   doxocyclin	  induced	   cells	   /	   untreated	   control.	  As	   expected	   from	   the	  AP1-­‐pathway	  analysis,	  we	  did	  not	  detect	  any	  phosphorylation	  alterations	  either	  in	  JNK	  protein	  or	  in	  c-­‐Jun	   [80].	   Surprisingly,	   we	   detected	   a	   drastic	   reduction	   in	   phospho-­‐p38	   (ratio	  doxocyclin/control	  of	  0.48),	  phospho-­‐ERK	  (ratio	  doxocyclin/control	  of	  0.75)	  and	  minor	  changes	  in	  phospho-­‐CREB,	  phosho-­‐MSK1/2	  and	  phospho-­‐p70,	  all	  of	  which	  are	  downstream	  of	  the	  ERK	  and	  p38	  pathways	  (Figure	  27).	  	  	  To	   investigate	   the	  molecular	  mechanisms	   responsible	   for	   the	   inhibition	  of	  p38	  phosphorylation,	   we	   tested	   the	   activation	   of	   the	   mitogen-­‐activated	   protein	  kinase	   (MAPK)	   kinase	   3	   (MKK3).	   This	   kinase	   has	   been	   identified	   as	   a	   key	  activator	  of	  p38	  in	  glioma	  and	  its	  activation	  correlates	  with	  p38	  activity	   in	  vivo	  [81].	  To	  validate	  the	  results	  of	  the	  phospho-­‐array	  and	  to	  test	  the	  implication	  of	  MKK3,	   we	   transiently	   transfected	   the	   LN229	   with	   either	  WIF1	   or	   the	   empty	  vector	  and	  collected	  the	  samples	  to	  analyse	  both	  the	  mRNA	  and	  protein	  levels.	  	  	  	  	  	  
	   54	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  
	  



























JNK pan T183/Y185, T221/Y223
ERK1/2 T202/Y204, T185/Y187
p38a T180/Y182
Densitomerty of proteins spots
(Dox TTT/ No TTT)




















Densitomerty of proteins spots

















0                                0.5                              1                               1.5  
	   55	  
We	  confirmed	  the	  WIF1-­‐dependent	  reduction	  of	  p-­‐ERK	  and	  p-­‐P38	  but	  we	  did	  not	  detect	   any	  modification	   in	  MKK3/6	  phosphorylation.	   JNK	  phosphorylation	  was	  also	  not	  changed,	  as	  expected	   from	  the	  previous	  phospho-­‐array	  results	   (Figure	  31)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Figure	   31.	   Western	   blot	   to	   confirm	   phospho-­‐array	   results.	   The	   LN229	   were	   transacted	   with	   either	  pvDNA3.1	   or	   pcDNA3.1_WIF1	   and	   the	   proteins	   were	   collected	   3	   days	   after	   transfection.	   The	   number	  showed	  below	  each	  blot	  represent	  the	  quantification	  of	  the	  protein	  normalised	  to	  α-­‐tubulin.	  On	  the	  right	  is	  shown	  the	  quantification	  of	  the	  p-­‐protein	  normalised	  to	  the	  respective	  total	  protein.	  	  	  The	  MKK3/6	  was	  not	  affected,	  thus	  the	  p38	  and	  ERK	  phosphorylation	  were	  not	  regulated	  via	  this	  pathway.	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WNT5α	  has	  been	  also	   implicated	   in	  the	  Ca2+/WNT	  pathway	  [25]	  and	  there	  are	  few	   papers	   suggesting	   that	   the	   level	   of	   intracellular	   Ca2+	   regulates	   MAPK	  signaling	   [82].	   We	   tested	   the	   effect	   of	   WNT5a	   downregulation	   on	   the	  phosphorylation	  of	  p38,	  ERK	  and	  MKK3/6.	  	  	  Firstly,	   we	   optimised	   the	   conditions	   to	   downregulate	   WNT5α.	   We	   tested	   3	  different	  WNT5α	  specific	  siRNAs,	  either	  alone	  or	  in	  combination	  with	  the	  others.	  The	   downregulation	   efficiency	   was	   tested	   by	   Real	   Time	   PCR	   three	   days	   after	  transfection	   and	   compared	   to	   the	   scramble	   siRNA.	   SiWNT5α_C	  was	   clearly	   the	  most	   efficient	   sequence	   and	  was	   kept	   for	   the	   subsequent	   experiments	   (Figure	  32).	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after	   transfection.	   As	   shown	   in	   Figure	   33,	  WNT5a	   downregulation	   efficiently	  inhibits	  phosphorylation	  of	  both	  p38	  and	  ERK	  without	  affecting	  MKK3/6	  status.	  	  	  
	  
Figure	   33.	   Downregulation	   of	  WNT5α	   inhibits	   phophorylation	   of	   both	   p38	   and	   ERK.	   The	   LN229	   were	  transfected	  with	  either	  siScrambled	  or	  siWNT5α_C	  and	  the	  proteins	  were	  collected	  3	  days	  after	  transfection.	  The	   numbers	   below	   each	   blot	   represent	   the	   quantification	   of	   the	   protein	   normalised	   to	   α-­‐tubulin.	   The	  quantifications	   of	   the	   phospho-­‐protein	   normalised	   to	   corresponding	   total	   protein	   are	   shown	   in	   the	   right	  panel.	  	  	  These	  results	  show	  that	  WIF1	  upregulation	  and	  WNT5α	  downregulation	  have	  a	  similar	  effect	  on	  the	  phosphorylation	  level	  of	  both	  p38	  and	  ERK,	  suggesting	  the	  involvement	   of	   a	   WNT5α-­‐dependent	   non-­‐canonical	   WNT	   pathway	   in	   the	  phenotype	  induced	  by	  WIF1.	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This	   hypothesis	   is	   also	   supported	   by	   expression	   of	   WNT	   ligands	   analysis	   in	  glioblastoma.	   WNT5α	   is	   the	   only	   WNT	   ligand	   that	   shows	   overexpression	   in	  glioblastoma	  tumors	  when	  compared	  to	  non-­‐tumoral	  brain	  samples	  (Figure	  34).	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Figure	  34.	  WNT-­‐related	  genes	  heatmap.	  The	  expression	  of	  several	  WNT-­‐related	  genes	  was	  analysed	  in	  the	  data	   set	   of	   Murat	   et	   al.	   The	  mean	   of	   the	  WNT-­‐related	   genes	   in	   non-­‐tumoral	   brain	   and	   glioblastoma	   are	  showed	  in	  the	  two	  column	  of	  the	  heatmap.	  The	  red	  arrow	  shows	  the	  location	  of	  WNT5α.	  	  	  As	   mentioned	   above,	   the	   calcium	   pathway	  might	   explain	   some	   of	   our	   results,	  including	  changes	  of	  p38	  and	  ERK	  phosphorylation	  and	   the	   inhibitory	  effect	  of	  migration.	  We	  are	  now	  performing	  experiments	  aimed	  at	  determining	  both	  the	  Ca2+	   levels	   and	   the	   CAMKII	   activation:	   two	   important	   read-­‐outs	   to	   define	   the	  activation	  of	  the	  WNT5α-­‐calcium	  pathway.	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Analysis	  of	  the	  Gene	  Expression	  Profile	  of	  WIF1	  Induced	  Cells	   	  	   	  	   In	   addition	   to	   the	   phospho-­‐protein	   approach,	  we	   decided	   to	   investigate	  the	  WIF1-­‐related	   phenotype	   by	   looking	   at	   differential	   gene	   expression	   profile.	  From	   the	   analysis	   of	   the	   kinetics	   of	  WIF1	   induction	   we	   knew	   that	   the	   time	  window	   to	  detect	  WIF1	   related	  effects	  was	  between	  12h	   (peak	  of	  WIF1	  mRNA	  transcription)	   and	   48h	   (stable	   secretion	   of	   WIF1).	   We	   collected	   the	  LN229_indWIF1	   samples	   at	   three	   different	   time	   points	   after	   doxocyclin	  induction:	   12	   hours,	   24	   hours	   and	   48	   hours.	   The	   analysis	   of	   the	   expression	  profiles	  was	   performed	   at	   each	   time	   points,	   by	   comparison	   of	   the	   doxocyclin-­‐induced	   cells	   to	   the	   respective	   paired	   control.	   Figure	   35	   shows	   the	   three	  heatmaps	  of	  the	  most	  variable	  transcripts	  calculated	  as	  logarithmic	  fold	  change	  compared	   to	   the	   non-­‐treated	   samples.	  We	   selected	   the	   probes	  with	   a	   log	   fold	  change	  of	  >	  |0.7|.	  	  Despite	  the	  fact	  that	  there	  were	  relatively	  few	  modified	  genes,	  we	  could	  detect	  some	  very	   interesting	  potential	   targets.	  We	  used	   the	   following	  approach	  to	  select	  the	  final	  candidate	  genes:	  
• Probes	  showing	  a	  log	  fold	  change	  >	  |0.7|	  were	  selected.	  
• From	  the	  selected	  transcripts	  a	  few	  genes	  were	  chosen	  (according	  to	  literature)	  and	  variations	  were	  confirmed	  by	  Real	  Time	  PCR	   in	  both	  LN229_indWIF1	  and	  LN229_dsRED.	  The	  second	  cell	   line	  was	  used	  to	  exclude	  the	  genes	  that	  were	  not	  WIF1-­‐specific).	  
• Confirmation	   of	   the	   results	  was	   performed	   in	   additional	   glioma	   cell	  lines	  (a	  adherent	  cell	  line	  LN319	  and	  a	  sphere-­‐line	  LN2669_GS)	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Figure	  35.	  WIF1-­‐induced	  most	  variable	  probes.	  The	   three	  heatmaps	  show	  the	  most	  variable	  probes	   (log-­‐fold	  change)	  at	  each	  time	  points	  (12,	  24	  and	  48	  hours)	  when	  the	  WIF1-­‐induced	  cells	  are	  compared	  with	  the	  not	  induced	  control.	  The	  analysis	  was	  performed	  on	  probe	  level	  thus	  explaining	  why	  only	  several	  genes	  are	  shown	  more	  than	  once.	  	  	  After	   this	   selection	  we	   retained	   7	   genes	   for	   further	   analysis,	   6	   downregulated	  and	  1	  upregulated.	  Within	   the	  downregulated	  genes	  we	  were	   interested	   in	   the	  following:	   	  MALAT1	   (a	   non-­‐coding	  RNA	   involved	   in	  migration),	   IGFBP5	   (a	   IGF-­‐binding	   proteins	   whose	   expression	   has	   been	   correlated	   with	   glioma	   grade),	  
ALDH1L,	   CTH,	   SGC2,	   and	   IL6.	   The	   only	   upregulated	   gene	  was	   LURAP1L,	   which	  encodes	  an	  adaptor	  protein	  whose	  function	  is	  completely	  unknown.	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We	  measured,	   via	   Real	   Time	   PCR,	   the	   expression	   levels	   of	   the	   selected	   genes	  after	  2	  days	  of	  WIF1	  induction.	  We	  confirmed	  the	  WIF1-­‐dependent	  alteration	  of	  three	  transcripts:	  MALAT1,	  IGFBP5	  and	  LURAP1L	  (Figure	  36).	  	  The	  upregulation	  of	   IL6	   was	   detected	   also	   in	   the	   LN229_dsRED,	   suggesting	   that	   the	   doxocyclin	  treatment	  and/or	  the	  dsRED	  expression	  were	  likely	  responsible	  for	  the	  increased	  expression.	  Concerning	  the	  other	  genes	  tested	  we	  could	  not	  confirm	  the	  results	  obtained	  with	  the	  gene	  array.	  
	  
Figure	   36.	   Real	   time	   analysis	   of	   the	   genes	   found	   altered	   in	   the	   gene	   expression	   profile.	   The	   red	   arrows	  mark	  the	  transcript	  that	  we	  confirmed	  as	  WIF1-­‐dependent.	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MALAT1	   and	  upregulation	  of	  LURAP1l	   (Figure	  37).	  By	   contrast,	   IGFBP5	   did	  not	  show	  any	  correlation	  with	  WIF1	  expression.	  	  
	  
Figure	   37.	  WIF1	   induces	   expression	   alteration	   of	  MALAT1	   and	   LURAP1L	   both	   in	   adherent	   cell	   line	   and	  glioma	   sphere	   line.	   Real-­‐Time-­‐PCR	   analysis	   was	   performed	   on	   both	   LN319	   and	   LN2669_GS	   clones	   that	  stably	  express	  WIF1.	  GAPDH	   is	  used	  as	  housekeeping	  gene	  and	   the	   results	   showed	  are	  normalised	   to	   the	  respective	  empty	  vector	  controls.	  	  
MALAT1	  is	  Overexpressed	  in	  Glioblastoma	  Samples	  	   	  	   We	   then	   focused	   our	   effort	   on	   the	   characterisation	   of	   the	   two	   WIF1-­‐regulated	  transcripts	  selected	  from	  the	  array	  and	  we	  started	  with	  MALAT1.	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tumoral	  brain	  samples	  (Figure	  38),	  suggesting	  that	  MALAT1	  could	  play	  a	  role	  in	  glioblastoma.	  	  
	  	  
Figure	  38.	  Data	  taken	  from	  the	  data	  set	  of	  Murat	  et	  al.	  All	  the	  probes	  specific	  for	  MALAT1	  are	  averaged	  and	  the	  samples	  are	  split	  into	  normal	  brain	  and	  Glioblastoma.	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correlation	   of	   total	   tumor	   volume	   with	   MALAT1	   expression	   yielded	   an	  interesting	   result:	   the	   tumor	   extent	   was	   positively	   correlated	   with	   the	  expression	  of	  the	  non-­‐coding	  RNA,	  thus	  reinforcing	  the	  hypothesis	  that	  MALAT1	  plays	  a	  role	  in	  glioblastoma	  tumorigenicity	  (Figure	  39).	  No	  correlation	  was	  found	  between	  extent	  of	  necrosis	  and	  MALAT1	  expression	  levels.	  	  
	  	  
Figure	  39.	  Correlation	  between	  the	  mean	  value	  of	  MALAT1	  specific	  probes	  (AGILENT)	  and	  tumor	  volume	  (dichotomised	  in	  two	  using	  the	  median	  value).	  On	  the	  right	  the	  statistical	  tests	  parameters	  are	  shown.	  
	  
MALAT1	  Downregulation	  Reduces	  Migration	  Capability	  in	  vitro	  	  	   To	  test	  the	  role	  of	  MALAT1	  in	  the	  regulation	  of	  migration	  capability	  we	  transfected	  LN229	  with	  a	  specific	  siRNA.	  The	  downregulation	  efficacy	  was	  assessed	  by	  Real	  Time	  PCR,	  measuring	  the	  final	  expression	  of	  MALAT1	  at	  two	  different	  time	  points:	  48	  and	  72	  hours.	  Additionally,	  we	  checked	  the	  expression	  of	  two	  known-­‐MALAT1	  target	  genes,	  CTHRC1	  and	  SLC26a2	  [86],	  to	  ensure	  that	  the	  downregulation	  of	  MALAT1	  was	  indeed	  functional.	  Collagen	  triple	  helix	  repeat	  containing-­‐1	  (CTHRC1)	  is	  a	  secreted	  protein	  involved	  in	  vascular	  remodeling,	  and	  morphogenesis	  and	  it	  plays a role in the progression and metastasis of 
several cancer.  
MALAT1 correlation with total tumor Volume
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  Both	  selected	  genes	  are	  involved	  in	  regulating	  the	  migration	  capability.	  The	   strongest	   downregulation	   of	   MALAT1	   was	   achieved	   48	   hours	   after	  transfection	  while	  the	  target	  genes	  were	  affected	  at	  both	  time	  points	  (Figure	  40).	  
SLC26A2	   expression	   was	   restored	   3	   days	   after	   transfection,	   however,	   the	  specificity	  of	  the	  effect	  is	  visible	  at	  the	  first	  time	  point	  (2	  days).	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The	   growth	   was	   not	   altered	   by	   MALAT1	   downregulation,	   thus	   the	   results	  obtained	   with	   the	   scratch	   assay	   were	   indeed	   related	   to	   a	   deficit	   in	   migration	  rather	  than	  a	  difference	  in	  growth	  rate	  (Figure	  41_B)	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To	  confirm	   the	   reduction	   in	  migration	  we	  also	  used	   the	   trans-­‐well	   assay.	  After	  transfection	   the	  cells	  were	   left	   to	  recover	   for	  48	  hours	  and	   then	  seeded	  on	   the	  upper-­‐chamber	  of	   the	   trans-­‐wells.	  16-­‐18	  hours	  after,	   the	  cells	   that	  migrated	   to	  the	   lower	  side	  were	  quantified	  and,	  as	  expected,	  we	  could	  confirm	  a	  migration	  reduction	  in	  the	  LN229	  transfected	  with	  siMALAT1	  (Figure	  42).	  	  
	  	  
Figure	  42.	  MALAT1	  downregulation	  reduces	  migration	  in	  vitro.	  The	  quantification	  of	  the	  trans-­‐well	  assay	  is	  shown	  in	  the	  left	  panel	  while	  representative	  pictures	  of	  the	  trans-­‐well	  lower	  membrane	  are	  shown	  on	  the	  right.	  The	  cells	  were	  transfected	  either	  with	  the	  MALAT1-­‐specific	  siRNA	  or	  with	  the	  scrambled	  control.	  Two	  days	  after	  transfection	  the	  cells	  were	  collected	  and	  seeded	  in	  to	  the	  upper	  chamber	  of	  the	  trans-­‐wells.	  The	  experiment	  was	  stopped	  and	  quantified	  after	  16	  hours.	  	  
MALAT1	  Downregulation	  is	  WNT5α-­Dependent	  	  	   We	   have	   previously	   shown	   that	   the	   inhibition	   of	   p38	   and	   ERK	  phosphorylation	  is	  WNT5α	  dependent.	  We	  then	  sought	  to	  test	  the	  regulation	  of	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Interestingly,	  we	   detected	   an	   extremely	   strong	   downregulation	   of	  MALAT1,	   72	  hours	  after	  the	  siWNT5α_C	  transfection.	  We	  also	  measured	  AXIN2	  to	  control	  the	  status	  of	  the	  canonical	  pathway	  and	  we	  could	  not	  detect	  any	  changes	  (Figure	  43).	  	  
	  	  
Figure	  43.	  The	  downregulation	  of	  WNT5α	  affects	  MALAT1	  expression.	  The	  mRNA	  level	  were	  measured	  by	  Real	  Time	  PCR,	  48	  and	  72	  hours	  after	  transfection.	  	  The	  observation	   that	  MALAT1	  downregulation	  was	  comparable	   in	  both	  WNT5α	  downregulated	   cells	   and	   in	   WIF1	   induced	   samples	   suggest	   again	   that	   the	  phenotype	  we	  described	  might	  be	  WNT5α-­‐dependent.	   	  We	  are	  now	  specifically	  downregulating	   only	   the	   WNT	   canonical	   pathway	   to	   test	   whether	   MALAT1	  expression	  is	  affected.	  	  
Migration	  in	  vivo:	  How	  WIF1	  and	  MALAT1	  Affect	  Cell	  Invasion	  	  	   The	  inhibition	  of	  migration	  capability	  is	  a	  very	  intriguing	  result,	  but	  has	  to	  be	  confirmed	  in	  an	  in	  vivo	  setting.	  To	  assess	  invasion	  of	  glioblastoma	  cells	  in	  vivo,	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it	   is	   necessary	   to	   use	   a	   glioma	   sphere	   line.	   Adherent	   cell	   lines	   do	   not	   grow	  invasively	   in	   mouse	   brain,	   while	   sphere	   lines	   can	   easily	   form	   neoplasms	   that	  resemble	  the	  original	  tumor.	  We	  already	  generated	  a	  WIF1	  stable	  sphere	  line	  in	  the	  LN2669_GS	  and	  we	  are	  now	  working	  on	  engineering	  a	  sphere	   line	   that	  has	  reduced	  expression	  of	  MALAT1	  by	  stable	  transfection	  of	  a	  MALAT1-­‐specific	  short	  hairpin.	  These	  two	  lines	  will	  be	  injected	  orthotopically	  into	  imunocompromised	  mice	  and	  the	  resulting	  xenografts	  will	  be	  analysed	  for	  migration	  differences.	  We	  will	  score	  the	  number	  of	  cells	  that	  could	  reach	  the	  contralateral	  hemisphere.	  The	  sphere	   line	   LN2669-­‐GS-­‐WIF1	   and	   the	   respective	   empty	   vector	   control	   have	  already	  been	   injected.	  We	  confirmed	  again	   the	  anti-­‐tumorigenic	  effect	  of	  WIF1:	  as	   shown	   in	   figure	   44,	   the	   survival	   of	   mice	   injected	   with	   the	   LN2669-­‐GS-­‐
WIF1cells	   is	   significantly	   longer.	   We	   are	   now	   waiting	   for	   the	   end	   of	   the	  experiment	  to	  perform	  the	  migration	  analysis.	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hematoxylin	  and	  eosin	  (H&E)	  staining	  it	  is	  not	  possible	  to	  see	  any	  tumor-­‐related	  alteration	   in	   the	   mouse	   brains,	   despite	   the	   fact	   that	   the	   injected	   cells	   have	  infiltrated	  nearly	   the	  whole	  organ,	  as	  shown	   in	  Figure	  45.	   In	  order	   to	  visualize	  the	   infiltration	   of	   the	   tumor	   cells,	   a	   human-­‐specific	   nuclear	   staining	   (IHC	   for	  human-­‐specific	   nucleolin)	  was	   used,	   to	   distinguish	   between	   the	   xenograft	   and	  the	  host.	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LURAP1L:	  a	  Potential	  Tumor	  Suppressor	  Gene	  Downstream	  of	  WIF1	  
Signaling	  Pathway	  	  	   In	   addition	   to	   MALAT1,	   we	   identified	   a	   WIF1-­‐specific	   alteration	   of	   a	  second	   transcript	   named	   Leucine	   Rich	   Adaptor	   Protein	   1-­‐Like	   (LURAP1L).	  
LURAP1L	  was	   consistently	  upregulated	  upon	  WIF1	   induction	   (log	   fold	   change=	  0.9).	   LURAP1L	   encodes	   for	   an	   adaptor	   protein	   with	   a	   completely	   unknown	  function.	  We	  cloned	  the	  gene	  starting	  from	  a	  cDNA	  sample	  derived	  from	  LN229	  and	  we	  compared	  the	  sequence	  with	  the	  transcript	  deposited	  at	  the	  NCBI.	  	  Interestingly,	   we	   found	   two	   sequence	   alterations	   compared	   to	   the	   LURAP1L	  transcript	   deposited	   at	   the	   NCBI	   (Reference	   Sequence:	   XM_005251443.1).	   The	  two	  alterations	  were:	  1)	  an	  insertion	  of	  9	  nucleotides	  (3	  X	  GGC)	  within	  a	  stretch	  of	   GGC	   repeats	   and	   a	   point	   mutation	   AGC	   -­‐>	   GGC.	   	   We	   decided	   to	   sequence	  
LURAP1L	   mRNA	   in	   a	   non-­‐tumoral	   brain	   sample	   and	   also	   in	   a	   second	   cell	   line	  LN319. Figure	  46	  shows	  the	  alignment	  of	  LURAP1L	  sequences	  derived	  form:	  the	  NCBI,	  the	  normal	  brain	  sample,	  the	  LN229,	  the	  LN319,	  and	  from	  the	  sequence	  we	  cloned	  in	  pIRES2. 
	  
Figure	  46.	  Alignment	  results	  for	  LURAP1l	  transcript	  sequences	  	  
CGGCGGC- - - - - - - - - T GCA GTAGCAGCAG CAGCTACTGC
CGGCGGCGGC GGCGGCTGCA GTAGCGGCAG CAGCTACTGC
CGGCGGCGGC GGCGGCTGCA GTAGCGGCAG CAGCTACTGC
CGGCGGCGGC GGCGGCTGCA GTAGCGGCAG CAGCTACTGC







(based on NCBI Reference Sequence: XM_005251443.1
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We	   found	   the	   same	   alterations	   in	   all	   sequenced	   transcripts,	   including	   a	   non-­‐tumoral	  brain	   sample,	   and	  all	  originating	   from	  different	   individuals.	  Hence,	  we	  decided	  to	  continue	  our	  experiments	  with	  our	  cloned	  sequence.	  	  Next,	  we	  also	  confirmed	  the	  WIF1	  dependent	  up-­‐regulation	  of	  LURAP1L	  on	  the	  protein	   level	   (Figure	   47A).	   Differently	   from	   the	   WIF1-­‐induced	   regulation	   of	  
MALAT1,	   LURAP1L	   is	   not	  modulated	   by	   downregulation	   of	  WNT5α,	   suggesting	  that	  LURAP1L	  might	  be	  a	  canonical	  WNT	  pathway	  target	  gene	  (Figure	  47B).	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LURAP1l	  Overexpression	  Reduces	  Growth	  Capability	  	  	  	   We	   transfected	   the	   pIRES2_LURAP1L	   plasmid	   and	   the	   respective	   empty	  vector	  (pIRES2_EGFP)	  in	  two	  different	  cell	  lines:	  LN229and	  LN2669_GS.	  For	  each	  cell	  line,	  we	  selected	  stable	  clones	  and	  we	  are	  currently	  performing	  experiments	  to	   determine	   the	   tumorigenic	   potential	   of	   the	   LURAP1L	   overexpressing	   cells.	  Preliminary	  results	  show	  that	  the	  overexpression	  of	  LURAP1L	   induces	  a	  tumor-­‐suppressive	  phenotype	  in	  both	  cell	  lines	  we	  have	  tested	  so	  far.	  	  We	  have	   selected	   three	   clones	   for	   the	  LN229_LURAP1L	   and	  we	  performed	   two	  tests	   to	   study	   the	   tumorigenic	   potential:	   the	   colony	   formation	   assay	   and	  adherent	   growth	   analysis.	   	   We	   detected	   a	   significant	   reduction	   of	   adherent	  growth	  rate	  in	  LN229_LURAP1L	  clones	  and	  the	  specificity	  of	  the	  observed	  results	  is	   supported	   by	   the	   LURAP1L-­‐expression	   dose	   dependent-­‐effect.	   The	   lowest	  growth	  rate	  has	  been	  observed	  in	  the	  clone	  (C1)	  that	  expresses	  LURAP1L	  to	  the	  highest	   level	   (Figure	   48	   A).	   Similar	   results	   have	   been	   observed	   for	   the	   colony	  formation	  assay.	  LURAP1L	   clones	   form	  colonies	   less	   efficiently	  when	   seeded	  at	  very	  low	  density	  (Figure	  48	  B).	  For	  what	  concern	  the	  analysis	  of	  the	  sphere	  line	  LN2669-­‐GS	  overexpressing	  LURAP1L	  we	  decided	  to	  test	  directly	  the	  tumorigenic	  potential	  in	  vivo.	  As	  detailed	  above	  glioma	  derived	  sphere	  lines	  behave	  more	  like	  the	   original	   tumor	   and	   therefore	   their	   use	   as	   an	   in	   vivo	   model	   is	   more	  appropriate.	  We	  stereotactically	  injected	  the	  LN2669_GS_LURAP1L	  together	  with	  the	   respective	   control	   and	   we	   followed	   the	   survival	   of	   the	   mice.	   LURAP1L	  worked	  as	  a	  tumor	  suppressor	  also	  in	  vivo,	   it	  prolonged	  survival	  of	  the	  injected	  mice	  (Figure	  49).	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  We	  have	  now	   finished	   collecting	   all	   the	   samples	   and	  we	  will	   proceed	  with	   the	  molecular	   and	   immunohistochemical	   characterisation.	   Moreover,	   we	   are	  currently	   repeating	   the	   experiment	   to	   have	   enough	   samples	   to	   perform	  statistical	  analysis.	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Conclusions	  and	  Future	  Perspectives	  
	   Little	   is	   known	   about	   the	   role	   of	   the	   WNT	   pathway	   in	   the	   malignant	  behavior	   of	   human	   glioblastoma.	   In	   a	   recent	   publication	   [62],	   we	   provided	  evidence	  that	  the	  WNT	  antagonist	  WIF1	  is	  targeted	  for	  silencing	  in	  glioblastoma,	  hence	   represents	   a	   good	   candidate	   tumor	   suppressor.	   In	   most	  glioblastomas,	  WIF1	   silencing	   is	   mediated	   by	   genomic	   deletion,	   promoter	  hypermethylation,	  or	  both.	  A	  recent	  study	  supports	  a	  role	  for	  a	  deregulated	  WNT	  pathway	   in	  malignant	  glioma,	  showing	  that	  additional	  WNT	  pathway	   inhibitors	  are	   epigenetically	   inactivated,	   including	   the	   family	   of	   secreted	   frizzled-­‐related	  proteins,	  DICKKOPF,	  and	  NAKED	  [41].	  	  Here	  we	  demonstrated	  that	   forced	  WIF1	  expression	  significantly	  attenuates	  cell	  proliferation	   in	  vitro,	  particularly	  striking	  for	  anchorage-­‐independent	  growth,	  it	  associates	   with	   complete	   abrogation	   of	   tumorigenicity.	   In	   ephitelial	   and	  mesenchymal	  tumors,	  a	  tumor	  suppressive	  role	  for	  WIF1	  has	  been	  proposed.	  In	  gastrointestinal	   cancer	   cell	   lines,	   restoration	  of	  WIF1	   expression	  was	  shown	   to	  reduce	  growth	   in	  vitro	   [52],	  and	   in	   cell	   lines	   from	  human	  renal	   cell	   carcinoma,	  prostate	   cancer,	   and	   osteosarcoma	  WIF1	   overexpression	   has	   been	   reported	   to	  inhibit	  tumor	  growth	  in	  vivo	  [45,	  48,	  87]	  	  Here	   we	   propose	   a	   mechanism	   by	   which	   WIF1	   overexpression	   may	   exert	   a	  growth-­‐inhibiting	  effect.	  The	  WIF1-­‐dependent	  emergence	  of	  enlarged,	   flattened	  cells	   associated	   with	   increased	   detection	   of	   SA-­‐β-­‐galactosidase	   positive,	  multinucleated	   cells	   suggests	   that	  WIF1	   overexpression	   induces	   a	   senescence-­‐like	   phenotype	   in	   glioblastoma	   cells.	   WNT	   signaling	   is	   involved	   in	   diverse	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processes,	   from	  early	  embryonic	  patterning	  [88]	   to	  regulation	  of	  stem	  cell	  self-­‐renewal	  and	  differentiation	  [89,	  90].	  Consequently,	  WNT	  pathway	  dysregulation	  can	   dramatically	   alter	   differentiation	   and	   cell	   fate	   decisions	   [91].	  According	   to	  the	   literature,	   the	   relationship	   between	  WNT	   and	   senescence	   induction	   is	   still	  controversial	   [92].	   Several	   reports	   show	   that	   downregulation	   of	   the	   canonical	  WNT	   pathway	   induces	   triggering	   of	   senescence,	   however	   the	   final	   steps	   to	  establish	  the	  senescence-­‐phenotype	  are	  p53	  and	  pRB	  dependent	  [41,	  93].	  In	  our	  experimental	   setting,	   the	  WIF1-­‐dependent	   induction	   of	   senescence	   had	   to	   be	  independent	  of	  both	  p53	  and	  pRB,	  as	  the	  two	  cell	   lines	  used	  carry	  mutations	  in	  both	   pathways	   [72].	   Concerning	   the	   non-­‐canonical	   WNT	   pathway,	   the	  relationship	  with	  senescence	  is	  even	  more	  complicated:	  WNT5α	  has	  been	  shown	  to	  either	   induce	  or	  block	  the	  onset	  of	  senescence	  depending	  on	  the	  tumor	  type	  [94].	   In	   line	   with	   our	   results,	   Pulvirenti	   et	   al,	   have	   recently	   shown	   that	   in	  glioblastoma	   the	   knockdown	   of	   WNT5α	   induces	   a	   senescence-­‐like	   phenotype	  [95],	  thus	  giving	  us	  the	  rationale	  to	  further	  investigate	  the	  WIF1-­‐dependent	  non-­‐canonical	   WNT	   pathway	   alterations.	   Several	   publications,	   including	   one	   in	  glioblastoma,	  showed	  a	   link	  between	  WNT5α-­‐JNK-­‐AP1	  [58,	  76].	  They	  speculate	  about	  a	  direct	  mechanism	  of	  JNK	  activation	  by	  WNT5α	  signaling.	  This	  step	  would	  then	   trigger	   the	   phosphorylation	   of	   c-­‐JUN	  that,	   once	   activated,	   homodimerizes	  and/or	   heterodimerizes	   with	   c-­‐FOS	   generating	   the	   activator	   protein-­‐1	   (AP-­‐1)	  transcription	  complex	  [96].	  	  We	  tested	  the	  involvement	  of	  the	  JNK/AP1	  pathway	  in	  the	  transduction	  of	  WIF1-­‐downstream	  signaling,	  but	  we	  clearly	  had	  to	  reject	  this	   hypothesis.	  We	   detect	   no	  modifications	   in	   any	   of	   the	   proteins	  mentioned	  above.	  WIF1	   expression	   affected	  neither	   JNK	  nor	   c-­‐JUN	  phosphorylation	   and	   it	  didn’t	  alter	  the	  transactivation	  of	  AP1.	  	  
	   78	  
Conversely,	  WIF1	   expression	   drastically	   inhibited	   the	   phosphorylation	   of	   p38	  and	  ERK.	  We	   found	  that	   these	  results	  were	  extremely	   interesting	  because	  both	  kinases	  have	  been	  implicated	  in	  the	  regulation	  of	  migration	  in	  cancer.	  P38	  can	  be	  activated	  by	  environmental	  stress	  or	  various	  growth	  factors	  and	  it	  is	  involved	  in	  the	  regulation	  of	  a	  plethora	  of	  responses	  such	  as	  apoptosis,	  cell	  proliferation	  and	  invasion	  [97].	  The	  response	  induced	  by	  p38	  activation	  is	  cell-­‐type	  and	  stimulus-­‐specific	  [98].	  Increased	  levels	  of	  phosphorylated	  p38	  have	  been	  correlated	  with	  malignancy	   in	   many	   types	   of	   cancers	   and,	   interestingly,	   in	   glioma	   there	   is	  evidence	   that	   it	   correlates	   with	   the	   invasive	   potential	   [81,	   99].	   ERK	   also	   has	  many	   different	   functions	   including	   being	   a	   key	   regulator	   of	   cell	   proliferation	  [100,	   101].	   In	   glioblastoma	   it	   has	   been	   connected	   with	   augmented	   invasion:	  PKC	  is	   able	   to	   activate	   ERK	   at	   focal	   adhesions	   to	   mediate	   cell	   adhesion	   and	  motility	  [102]. We	   showed	   that	   the	   phosphorylation	   alterations	   in	   p38	   and	   ERK,	   were	   also	  induced	   by	   WNT5α	   downregulation.	   These	   results	   suggest	   that	   the	   WIF1-­‐induced	  phenotype	  might,	   partially,	   be	   generated	  by	   the	   inhibition	   of	   the	   non-­‐canonical	   WNT	   pathways	   that	   are	   downstream	   WNT5α.	   We	   are	   now	  investigating	   which	   additional	   branches	   of	   the	   non-­‐canonical	   WNT	   pathway	  could	   be	   involved.	   We	   are	   focusing	   our	   attention	   on	   the	   WNT/Ca2+	   pathway.	  Some	  of	  our	  results	  could	  be	  explained	  by	  calcium	  level	  alterations:	  indeed,	  both	  the	   alteration	   of	   MAPK	   phosphorylation	   level	   and	   differences	   in	   migration	  capability	  have	  been	  described	  in	  the	  context	  of	  calcium	  regulation	  [82,	  102].	  The	  analysis	  of	  the	  gene	  expression	  profile	  of	  WIF1	   induced	  cells	   lead	  us	  to	  the	  identification	   of	   a	   non-­‐coding	   RNA,	   MALAT1.	   MALAT1	   had	   the	   highest	   fold	  change	   of	   all	   downregulated	   transcripts.	   Physiologically,	  MALAT1	   localizes	   to	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nuclear	  speckles	  [103]	  where	  it	  regulates	  alternative	  splicing	  by	  modulating	  the	  distribution	  and	  levels	  of	  splicing	  factors	  [104].	  Thus,	  MALAT1	  is	  thought	  to	  have	  a	   variety	   of	   functions,	   primarily	   through	   post-­‐transcriptional	   regulation	   of	  expression	   of	   many	   different	   genes	   [105].	   Our	   interest	   in	   this	   gene	   was	  supported	  by	  a	  few	  recent	  publications	  were	  MALAT1	  expression	  was	  associated	  with	   cancer	   on	   many	   different	   levels,	   including	   migration	   and	   invasive	  properties	  [86,	  106].	  MALAT1	  is	  overexpressed	  in	  many	  different	  types	  of	  cancer	  including	   lung,	   breast,	   pancreas,	   colon,	   prostate,	   and	   liver	   cancers,	   implying	   a	  key	  role	  in	  cancer	  progression	  [107].	  	  In	  glioblastoma,	  MALAT1	  has	  not	  yet	  been	  investigated.	  We	  clearly	  showed	  that	  
MALAT1	   is	   upregulated	   in	   glioblastoma	   and	   that	   its	   expression	   positively	  correlates	   with	   the	   total	   volume	   of	   glioblastoma.	   Moreover,	   studying	   the	  regulation	   of	   expression	   of	  MALAT1	   via	   the	  WNT	   pathway	   we	   found	   that	   the	  WNT5α	   inhibition	   was	   sufficient	   to	   drastically	   reduce	  MALAT1	   expression.	   As	  discussed	  above,	  several	  of	  the	  WIF1-­‐related	  effects	  run	  via	  inhibition	  of	  the	  non-­‐canonical	  pathway.	  The	  functional	  characterisation	  of	  MALAT1	  yelded	  very	  interesting	  results,	  as	  in	  other	   types	  of	  cancer,	   the	  non-­‐coding	  RNA	  expression	   is	   important	   to	  maintain	  the	  migration	  capability	  of	  the	  tumor	  cells.	  Glioblastoma	  is	  an	  extremely	  invasive	  type	   of	   cancer,	   where	   infiltration	   of	   surrounding	   tissue	   is	   one	   of	   the	   biggest	  problems	   for	   therapy	   because	   it	   is	   virtually	   impossible	   to	   perform	   a	   complete	  resection	   of	   the	   tumor.	   A	   better	   understanding	   of	   the	  mechanisms	   behind	   the	  high	  motility	  of	  glioblastoma	  could	  bring	  new	  ideas	  to	  develop	  novel	  therapeutic	  strategies.	  MALAT1	  per	  se,	  would	  probably	  not	  be	  a	  good	  candidate	  because	  of	  its	  high	   basal	   level	   of	   expression	   in	   normal	   brain.	   However,	   MALAT1	   functions	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through	   regulation	   of	   numerous	   different	   genes.	   As	   such,	   finding	   the	   most	  important	   effectors	   of	  MALAT1-­‐related	   invasiveness	   would	   be	   the	   next	   logical	  step	  in	  our	  research.	  	  In	   addition	   to	  MALAT1,	   we	   identified	   a	   second	   target	   gene	   whose	   expression	  levels	  were	  modulated	  by	  WIF1:	  LURAP1L.	  	  LURAP1L	  encodes	  an	  adaptor	  protein	  whose	  function	  is	  still	  unknown.	  In	  line	  with	  the	  tumor-­‐suppressive	  function	  of	  
WIF1,	   LURAP1L	   overexpression	   reduces	   the	   growth	   potential	   of	   glioblastoma	  cells	  both	  in	  vitro	  and	  in	  vivo.	  Additional	  experiments	  are	  needed	  to	  understand	  the	  molecular	  partners	  of	  LURAP1L,	  and	  to	   identify	   the	  pathways	   in	  which	   it	   is	  involved.	  What	  we	  can	  point	  out	  at	  the	  moment	  is	  that	  LURAP1L	  upregulation	  is	  induced	  by	  WIF1	  but	   is	  not	  WNT5α-­‐dependent.	  These	  results	  clearly	  show	  that	  the	  final	  tumor	  suppressive	  phenotype	  induced	  by	  WIF1	  is	  a	  combination	  of	  both	  canonical	  and	  non-­‐canonical	  WNT	  pathway	  inhibition.	  This	  should	  be	  taken	  into	  account	  when	  WNT	  inhibitors	  are	  developed	  for	  therapy,	  as	  both	  WNT	  pathways	  should	   be	   targeted.	   	   In	   other	   types	   of	   cancer,	   this	   issue	   is	   probably	   not	   as	  important,	  since	  in	  contrast	  to	  glioblastoma,	  WNT5α	  has	  been	  shown	  to	  work	  as	  a	   tumorsuppressor	   [94,	   108-­‐110].	   However,	   in	   glioblastoma	   WNT5α-­‐related	  pathways	   are	   important	   for	   the	   tumor	   aggressiveness,	   thus	   they	   should	   be	  considered	  as	  possible	  therapy	  targets	  [57,	  95].	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Material	  and	  Methods	  
	  
Glioblastoma	  Tissues	   	  Glioblastoma	   tissues	   were	   collected	   for	   translational	   research	   with	   informed	  consent	   of	   the	   patients.	   The	   protocols	   were	   approved	   by	   the	   local	   ethics	  committees.	  	  
Prediction	  of	  Genomic	  Copy	  Number	  Ampliﬁcations	   in	  Glioblastoma	  
by	  a	  Hidden	  Markov	  Model	  The	  glioblastoma	  micro-­‐array	  gene	  expression	  data	  were	  obtained	  on	  Affymetrix	  HG-­‐133	   Plus2.0	   GeneChips	   (Gene	   Expression	   Omnibus	   database	   at	  http://www.ncbi.nlm.nih.gov/geo/,	   accession	  number	  GSE7696)	  were	  used	   for	  ampliﬁcation	   prediction.	   Probe	   sets	   were	   ﬁltered	   to	   exclude	   those	   with	   low	  variance,	  suggestive	  of	  no	  or	  constant	  expression	  of	  the	  gene.	  For	  each	  gene	  with	  multiple	  probe	  sets,	  only	  the	  one	  with	  the	  highest	  variance	  was	  retained.	  Input	  to	  a	   hidden	   Markov	  model	   (HMM)	   as	   observed	   sequences	   were	   genewise-­‐mean-­‐centered,	   the	   log-­‐scale	   robust	  multi-­‐array	   average	   normalized	   expression	   data	  ordered	   by	   their	   positions	   on	   a	   chromosome	   (http://genome.ucsc.edu/;	   2004	  freeze)	   and	   discretized	   into	   8	   levels	   of	   expression	   intensity.	   The	   HMM	   had	   2	  hidden	   states:	   The	   “normal”	   state	   modeled	   the	   typical	   distribution,	   while	   the	  “activated”	   state	   modelled	   a	   distribution	   typical	   for	   highly	   ampliﬁed	   regions,	  which	   is	   shifted	   toward	   higher	   values.	   It	   generated	   for	   each	   sample	   and	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chromosome	   a	  matrix	   of	   posterior	   state	   probabilities	   at	   each	   of	   the	  measured	  loci.	  	  
DNA	  Isolation,	  Methylation-­Speciﬁc	  PCR	  Genomic	  DNA	  was	   isolated	   from	  parafﬁn-­‐embedded	  or	   fresh	   frozen	   tissue	   and	  subjected	   to	   bisulﬁte	   treatment	   using	   the	   EZ	   DNA	   Methylation	   Kit	   (Zymo	  Research)	   followed	   by	   nested	   methylation-­‐speciﬁc	   PCR	   (MSP),	   as	   described	  previously	   [14].	  During	   the	  bisulﬁte	   treatment,	   unmethylated	   cytosine,	   but	  not	  its	   methylated	   counterpart,	   is	   converted	   into	   uracil.	   MSP	   for	   WIF1	   was	  performed	   via	   a	   nested	   approach	   using	   published	   primer	   sequences	   [49].	  Peripheral	   blood	   lymphocytes	   and	   the	   colon	   cancer	   cell	   line	   SW48	   were	  employed	  as	  the	  WIF1	  methylation	  negative	  and	  positive	  controls,	  respectively	  	  
Glioblastoma	  Cell	  Lines	  The	  adherent	  glioblastoma	  cell	  lines	  LN229,	  LN319,	  LN2669	  were	  established	  in	  our	   lab,	   and	   U87MG	  was	   obtained	   from	   the	   American	   Type	   Culture	   Collection	  (ATCC).	   All	   glioma	   cell	   lines	   have	   been	   characterized	   for	   a	   defined	   set	   of	  molecular	   aberrations	   in	   our	   lab,	   as	   published	   previously	  [111]	   and	   were	  controlled	   by	   DNA	   fingerprinting	   as	   described	   [72].	   	   The	   non–small	   cell	   lung	  carcinoma	  cell	  line	  A549	  and	  the	  colon	  carcinoma	  cell	  line	  SW48	  were	  obtained	  from	  ATCC.	  All	  adherent	  cell	   lines	  were	  cultured	  in	  Dulbecco's	  modified	  Eagle's	  medium	  (Invitrogen),	  supplemented	  with	  5%	  fetal	  calf	  serum	  (Hyclone)	  and	  100	  units/mL	  penicillin,	   100	  units/mL	  streptomycin	   (Invitrogen).	  The	  glioblastoma	  cell	   line	   LN2669_GS	   was	   freshly	   isolated	   from	   glioblastoma	   tissue;	   the	   tumor	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specimen	   was	   dissociated	   in	   presence	   of	   papain	   and	   DNase	   I	   as	   described	  previously	  [112].	  Cells	  were	  cultured	  under	  stem-­‐cell	  conditions	  to	  form	  spheres	  using	   Dulbecco's	   modified	   Eagle	   medium/F12	   medium	   containing	   B27	  supplement	  and	  20	  ng/mL	  of	  both	  epidermal	  growth	  factor	  (EGF)	  and	  fibroblast	  growth	  factor	  2	  (FGF2).	  	  For	  global	  demethylation	  of	  DNA,	  glioblastoma	  cell	  lines	  were	  treated	  with	  5	  μM	  5-­‐aza-­‐2′-­‐deoxycytidine	   (Sigma-­‐Aldrich	   Chemie)	   for	   96	   h,	   with	   24-­‐h	   medium	  renewal.	   	  For	  the	  analysis	  of	  AP1	  signaling	  the	  cells	  were	  treated	  for	  6-­‐8h	  with	  200nM	  phorbol-­‐12-­‐myristate-­‐13-­‐acetate	  (PMA).	  	  LN229_indWIF1	   and	   LN229_dsRED	   were	   treated	   with	   doxocyclin	   to	   induce	  either	   WIF1+dsRED	   or	   dsRED.	   The	   doxocyclin	   was	   resuspended	   in	   water	  (1mg/1mL)	  and	  was	  used	  at	  a	  final	  concentration	  of	  1µg/mL.	  	  
Plasmids	  and	  Small	  Interference	  RNAs	  The	   Wnt/β-­‐catenin	   activity	   luciferase	   reporter	   vectors	   TOP_FLASH	   and	  FOP_FLASH	   comprise	   T-­‐cell	   factor	   (TCF)/β-­‐catenin	   responsive	   elements	   that	  express	   synthetic	   firefly	   luciferase	   from	   a	   PGL4.10	   backbone	   with	   a	   minimal	  TATA	  box	  with	   8	   concatenated	  TCF	  binding	   sites	   and	  8	  mutated	   binding	   sites,	  respectively	   (a	   generous	   gift	   of	   Prof.	   Tatiana	   Petrova).	  The	   pRL	   CMV	   Renilla	  luciferase	   (Promega	   AG)	   plasmid	   was	   used	   to	   normalize	   for	   transfection	  efficiency.	   The	  WIF1	  expression	   vector	   and	   its	   empty	   control	   pcDNA3.1	   vector	  were	  generous	  gifts	  from	  Professor	  Qian	  Tao,	  Cancer	  Center,	  Chinese	  University	  of	  Hong	  Kong	  [113].	  To	  generate	  the	  stably	  transfected	  clones	  in	  the	  LN229	  cell	  line	   WIF1	  was	   subcloned	   into	   the	   vector	   pIRES2-­‐EGFP	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(Clontec).	  WIF1	  knockdown	   was	   achieved	   using	   small	   interference	   RNAs	  (siRNAs;	   ON-­‐TARGET	   plus	   SMART	   pool,	   Dharmacon	   RNA	   Technologies)	  targeting	   3	   domains	   of	   the	  WIF1	  RNA,	   and	   the	   control	   experiments	   were	  performed	  with	  the	  corresponding	  ON-­‐TARGET	  plus	  non-­‐targeting	  pool.	  Three	  different	  WNT5α	  specific	   siRNAs	  were	  obtained	   from	  Origene	   (ID	  7474)	  together	  with	  a	  scrambled	  negative	  control.	  Each	  siRNA	  was	  tested	  alone	  or	  in	  a	  combination	  with	  the	  other	  to	  chose	  the	  best	  combination.	  	  The	  siWNT5a_C	  was	  found	  to	  be	  the	  most	  efficient	  and	  it	  was	  used	  for	  the	  next	  experiments	   	  (20nM	  final	  concentration).	  	  MALAT1	  specific	  siRNA	  was	  purchased	  from	  Ambion	  (Catalog	  Number	  4455877)	  together	  with	   the	   scramble	   negative	   control	   (Catalog	   Number	   4390843).	   Both	  siRNAs	  were	  used	  at	  a	  final	  concentration	  of	  15nM.	  	  	  LURAP1L	  was	  cloned	  starting	  from	  a	  cDNA	  sample	  derived	  from	  a	  LN229	  cells.	  The	  DNA	  fragment	  obtained	  by	  PCR	  was	  cloned	  in	  pIRES2-­‐EGFP.	  All	  cDNAs	  that	  were	  cloned	  in	  plasmids	  were	  sequenced	  before	  use.	  
Cell	  transfection	  and	  generation	  of	  stable	  cell	  lines	  In	  the	  first	  part	  of	  the	  project	  the	  plasmids	  transfections	  were	  performed	  using	  Lipofectamine	   2000	   transfection	   reagent	   (Invitrogen),	   and	   siRNAs	   were	  transfected	  with	   INTERFERin	   (Polyplus-­‐Transfection	   SA)	   reagent	   as	   suggested	  by	   the	   manufacturers.	   Later	   on	   we	   moved	   to	   a	   more	   efficient	   transfection	  system:	   the	   NEON	   electroporator	   (invitrogen).	   The	   different	   cell	   lines	   were	  electroporated	  using	  the	  100	  µl	  tips:	  the	  ratio	  of	  DNA/cells	  was	  usually	  20µg	  of	  DNA/4*10^6	   cells	   while	   the	   final	   concentration	   of	   transfected	   siRNA	   was	   10-­‐
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15µM.	   	   For	   adherent	   cell	   lines	   the	   parameters	   were:	   1400	   Volts,	   20	  Width,	   1	  pulse.	  For	  sphere	  cell	  lines	  instead	  the	  voltage	  was	  increased	  to	  1700.	  For	   stable	   transfections,	   cells	  were	   transfected	  with	   the	   expression	   vector	   and	  followed	  by	  selection	  with	  G418.	  Resistant	  clones	  were	  selected	  and	  maintained	  in	  400-­‐800	  μg/mL	  of	  G418.	  	  
Luciferase-­based	  assays	  to	  measure	  signaling	  pathways	  activity	  Canonical	   WNT	   pathway	   was	   detected	   using	   TOPflash/FOPflash	   reporter	  plasmid	   system,	   AP1	   signaling	   using	   the	   pGL3-­‐5xTRE-­‐TATA.	   	   The	   preliminary	  experiments	   were	   done	   using	   the	   DUAL	   Luciferase	   system	   (promega)	   as	  suggested	   by	   the	   manufacture.	   For	   the	   second	   part	   of	   the	   experiment	   we	  followed	  the	  protocol	  suggested	  by	  Sambrook	  et	  al	  [114].	  For	  the	  normalization	  of	  the	  transfection	  efficiency	  we	  co-­‐transfected	  a	  GFP-­‐encoding	  plasmid	  (pEGFP-­‐N1).	  The	  luminescence	  and	  the	  fluorescence	  were	  both	  analyzed	  using	  a	  Synergy	  H1	  Hybrid	  Multi-­‐Mode	  Microplate	  Reader.	  	  	  
Crystal	  Violet	  Assay	  	  For	  growth	  curves,	  2-­‐3	  ×	  104	  cells	  were	  seeded	  in	  12-­‐well	  plates.	  At	  every	  time	  point,	   culture	   medium	   was	   removed,	   cells	   were	   washed	   with	   1	   mL	   of	   1X	  phosphate	  buffered	  saline	  (PBS),	  and	  500	  µL	  of	  crystal	  violet	  solution	  was	  added	  per	   well.	   After	   10	   min,	   crystal	   violet	   solution	   was	   removed	   and	   plates	   were	  washed	  with	  1×	  PBS.	  Plates	  were	  left	  to	  dry,	  and	  500	  µL	  of	  1%	  sodium	  dodecyl	  sulfate	   (SDS)	   in	   distilled	   water	   was	   added	   per	   well.	   Absorbance	   was	   then	  measured	  at	  595	  nm	  using	  a	  plate	  reader.	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Colony	  formation	  Assay	  5000	   Cells	   were	   seeded	   in	   10	   cm	   plates	   and	   were	   left	   grown	   for	   2	   weeks,	  changing	  medium	  every	  three	  days.	  	  The	  plates	  were	  then	  stained	  with	  crystal	  violet	  to	  take	  pictures	  of	  the	  all	  plate.	  To	  quantify	  the	  growth	  the	  crystal	  violet	  was	  dissolved	  as	  explained	  before	  and	  the	  OD	  were	  measure	  at	  595nm.	  	  
Colony	  formation	  Assay	  in	  Soft	  Agar	  Growth	  in	  soft	  agar	  was	  determined	  in	  6-­‐well	  plates	  containing	  2	  mL	  of	  1%	  agar	  in	   complete	  medium	   as	   the	   bottom	   layer,	   and	   1	  mL	   of	   0.4%	   agar	   in	   complete	  medium	  as	   the	   top	   layer.	  2	  ×	  103	   cells	  were	   seeded	   in	   triplicate.	  Cultures	  were	  maintained	  under	  standard	  conditions,	  and	  after	  3	  weeks	  the	  number	  of	  colonies	  was	  determined	  with	  an	  inverted	  phase-­‐contrast	  microscope,	  where	  a	  group	  of	  50	  cells	  was	  scored	  as	  colony.	  	  
Cell	  migration	  and	  invasion	  assays	  The	   transwell	   (Corning)	   used	  were	   6.5	  mm	  diameter	  with	   8.0	   µm	   pores.	   Cells	  (1*104	   cells)	   were	   suspended	   in	   100	   µL	   of	   DMEM	   containing	   0.5%	   FCS	   and	  applied	   to	   the	   upper	   chamber.	   600	   µL	   of	   5%	   FCS	  medium	  was	   applied	   to	   the	  lower	  chamber.	  After	  16-­‐18	  hours,	  the	  cells	  on	  the	  upper	  side	  of	  the	  filters	  were	  wiped	   off	   and	   the	   cells	   that	  migrated	   to	   the	   lower	   side	   of	   the	   upper	   chamber	  were	   stained	   with	   crystal	   violet.	   To	   perform	   the	   scratch	   assay,	   the	   cells	   were	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plated	   onto	   35-­‐mm-­‐diameter	   dishes	   and	   the	   monolayer	   cells	   were	   manually	  scratched	   with	   a	   plastic	   tip;	   then,	   after	   being	   washed	   with	   PBS,	   the	   wounded	  monolayers	  of	   the	   cells	  were	  allowed	   to	  heal	   for	  18–24	  h	   in	  DMEM	  containing	  5%	  FCS.	  	  Pictures	  were	  taken	  at	  the	  very	  same	  place	  at	  each	  time	  point.	  The	  area	  of	  the	  scratch	  not	  yet	  covered	  by	  cells	  was	  quantified	  using	  imageJ	  software,	  and	  the	  data	  were	  shown	  as	  %	  of	  covered	  scratch	  (T	  zero	  =	  0%).	  
	  
Nude	  Mouse	  Tumorigenicity	  Assay	  Cells	   (7	   ×	   106)	  were	   resuspended	   in	   Dulbecco’s	  modiﬁed	   Eagle’s	  medium	   and	  subcutaneously	  injected	  into	  the	  ﬂanks	  of	  6-­‐	  to	  9-­‐week-­‐old	  female	  Swiss	  nu/nu	  mice.	  Five	  mice	  per	  group	  were	   injected,	  and	  tumor	  size	  was	  measured	  weekly	  with	  a	  caliper.	  Tumor	  volume	  (mm3)	  was	  calculated	  as	  (length	  ×	  width2)/2.	  The	  protocol	  was	  authorized	  by	  the	  local	  veterinary	  authorities	  (VD1181.3-­‐6).	  For	   the	   orthotropic	   injection	   six-­‐week-­‐old	   female	   Swiss	   nu/nu	   old	   mice	   were	  used.	   	  1*105	  glioma	  cells	  were	  resuspended	   in	  5µl	  and	  stereotactically	   injected	  (coordinates:	   0,5	  mm	   anterior,	   2mm	   lateral,	   3mm	   depth	   from	   the	   dura).	   Mice	  were	   killed	   either	  when	  body	  weight	   loss	   or	   neurological	   symptoms	   (lethargy,	  ataxia,	   and	   seizures)	  were	   observed.	   For	   survival	   analyses,	   6	   to	   12	  mice	  were	  used	   per	   group.	   To	   test	   the	   tumorigenicity	   of	   the	   LN229_indWIF1	   the	   injected	  mice	   were	   divided	   in	   two	   groups:	   1)	   feed	   with	   normal	   food,	   2)	   feed	   with	  doxocyclin	  supplemented	  food	  (625	  µg/kg,	  changed	  every	  2-­‐3	  days	  to	  avoid	  loss	  of	  doxocyclin	  activity)	  [115].	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Flow	  Cytometry	  Measurement	  of	  Cell	  Morphology	  Cells	   were	   grown	   until	   confluence	   detached	   using	   a	   solution	   of	   2	   mM	  ethylenediaminetetraacetic	   acid	   in	   PBS	   and	   resuspended	   in	   PBS.	   Cell	   size	  was	  evaluated	  by	  forward	  scatter	  (FS)	  and	  side	  scatter	  (SS)	  analysis	  using	  a	  Beckman	  Coulter	  FC500	  5-­‐color	  analyzer.	  More	   than	  1	  ×	  104	  events	  were	  counted	   for	  all	  samples.	  Thresholds	  for	  FS	  and	  SS	  were	  arbitrarily	  defined.	  
	  
Protein	  analysis	  Protein	  were	  extracted	  starting	  from	  dry	  pellet	  frozen	  a	  -­‐	  80	  °C.	  The	  pellets	  were	  dissolved	   in	   RIPA	   (radioimmunoprecipitaiton	   assay)	   buffer	   containing	   50	   mM	  Tris–HCl	   (pH	   8.0),	   150	  mM	  NaCl,	   1	  mM	  EDTA,	   0.4%	  deoxy-­‐cholate,	   1%	  NP-­‐40	  containing	   protease	   inhibitors	   including	   0.5	   mM	   phenylmethylsulfonylfluoride	  (PMSF),	  the	  protease	  inhibitor	  cocktail	  (Roche)	  and	  the	  PhosSTOP	  (Phosphatase	  Inhibitor	  Cocktail,	  Roche).	  The	  lysate	  was	  centrifuged	  at	  14,000	  g	  for	  10	  min	  at	  4°C	  and	  the	  supernatant	  was	  collected	  as	  whole	  cell	  lysate.	  Protein	  concentration	  was	   measured	   using	   Bradford	   assay	   (Bio-­‐Rad	   Laboratories).	   	   The	   protein	  samples	  were	  subjected	  to	  reducing	  SDS-­‐PAGE	  using	  standard	  methods,	  using	  40	  µg	  for	  total-­‐protein	  and	  90µg	  for	  phospho-­‐protein	  analysis.	  Western	  blots	  were	  probed	  with	   the	   following	  antibodies:	  phospho-­‐MKK3/6	   (cell	   signaling,	  #9231,	  1:1000),	  phospho-­‐p38	  (cell	  signaling,	  #9211,	  1:1000),	  p38	  (cell	  signaling,	  #9212,	  1:1000),	   Phospho-­‐p44/42	   MAPK	   -­‐Erk1/2	   (cell	   signaling,	   	   #9106,	   1:1000),	  p44/42	  MAPK	  -­‐Erk1/2	  (cell	  signaling,	  	  #9102,	  1:1000),	  Phospho-­‐SAPK/JNK	  	  (cell	  signaling,	  #4671,	  1:1000),	  SAPK/JNK	  (cell	  signaling,	   	  #9258,	  1:1000),	  α-­‐tubulin	  	  (Sigma,	  T-­‐6074,	  1:3000).	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The	   Human	   Phospho-­‐Kinase	   Antibody	   Array	   (R&D	   system,	   catalog	   number:	  ARY003)	   was	   used	   to	   analyze	   the	   phosphorylation	   level	   of	   the	   main	   protein	  kinases	   at	   once	   and	  was	   performed	   following	   the	  manufacturer's	   instructions.	  The	  cells	  were	  seeded	  (3*105	  /small	  flask)	  and	  left	  adhere	  for	  24	  hours,	  then	  the	  cells	  were	  treated	  with	  doxocyclin.	  For	  the	  assay	  300	  µg	  of	  proteins	  were	  used.	  	  
Enzyme-­Linked	  Immunosorbent	  Assay	  	  The	   cell	   supernatant,	   collected	   after	   2	   days	   of	   culture,	   was	   quantified	   for	  secreted	   WIF1	   with	   a	   sandwich	   enzyme-­‐linked	   immunosorbent	   assay	   (R&D	  System)	  following	  the	  manufacturer’s	  instructions.	  Data	  were	  normalized	  to	  the	  cell	   number.	   For	   control	   experiments	   of	   small	   interfering	  WIF1	   efficiency,	   the	  medium	   was	   collected	   after	   3	   days	   of	   culture,	   and	   data	   were	   normalized	   to	  protein	  content.	  
	  
Histochemistry	  Cells	  were	   seeded	   onto	   glass	   coverslips	   coated	  with	   poly-­‐l-­‐lysine	   and	   cultured	  until	   confluence.	  Cells	  were	   stained	   for	   the	  activity	  of	   SA-­‐β-­‐galactosidase	  using	  the	   β-­‐Galactosidase	   Staining	   Kit	   (Biovision),	   following	   the	   manufacturer's	  instructions,	  and	  counterstained	  with	  4′,6-­‐diamidino-­‐2-­‐phenylindole	  (DAPI).	  SA-­‐β-­‐galactosidase	  activity	  and	  nuclear	  morphology	  were	  visualized	  by	  bright	  field	  and	   fluorescence	   microscopy	   (Leica	   Leitz	   DMRB).	   Cells	   were	   scored	   in	   10	  randomly	  taken	  fields.	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RNA	  Isolation	  and	  Reverse	  Transcription	  PCR	  	  Total	  RNA	  was	  extracted	  using	  the	  RNeasy	  total	  RNA	  extraction	  kit	  (Qiagen),	  and	  cDNA	   was	   synthesized	   using	   PrimeScript	  RT-­‐PCR	   Kit	   (TAKARA).	   PCR	   was	  performed	   with	   gene-­‐specific	   primers	   for	  WIF1	   [49],	   POLR2A	   expression	   was	  assayed	  to	  control	  for	  mRNA	  integrity	  using	  published	  primers	  [116].	  	  Real-­‐time	   quantitative	   PCR	   was	   performed	   with	   Fast	   SybR	   Green	   Master	   Mix	  (Applied	  Biosystem)	  using	  the	  Rotor	  Gene	  6000	  Real-­‐Time	  PCR	  system	  (Corbett	  Life	  Science).	  PCR	  reactions	  were	  run	  as	  triplicates.	  The	  temperature	  profile	  was	  as	  follows:	  95°C	  (100	  s)	  followed	  by	  40	  cycles	  at	  95°C	  (3	  s)	  to	  60°C	  (20	  s).	  The	  quality	   of	   the	   products	   was	   controlled	   by	   the	  melting	   curve.	   Transcript	   levels	  were	  normalized	  against	  human	  GAPDH	  [117].	  	  	  Syber	  Green	  Primer	  list:	  
Gene	   Forward	  primer	  (5’-­3’)	   Reverse	  primer	  (5’-­3’)	   Reference	  WIF1	   AAGGTTGGCATGGAAGACAC	   TTAAGTGAAGGCGTGTGCTG	   [118]	  AXIN2	   GAGACCCAGCAGCACCTTTC	   CAATGGCAAACAGAATGTACAGATT	   [119]	  WNT5α	   TAAGCCCAGGAGTTGCTTTG	   GCAGAGAGGCTGTGCTCCTA	   [120]	  LURAP1L	   TTCCGTGGGAAGTTATCTGG	   ACGCTTGTGTAGTGCCTGTG	   [118]	  CTH	   CACTGTCCACCACGTTCAAG	  	   TACTTAGCCCCATCCAGTGC	   [118]	  MALAT1	   CTTCCCTAGGGGATTTCAGG	  	   GATGCAAATGCCTCTGAGTG	   [118]	  CTHRC1	   TGGACACCCAACTACAAGCA	  	   GCATTTTAGCCGAAGTGAGC	   [118]	  SLC26A2	   GTTTCAAATGGGAGCAC	  	   GCCCATCGCTACCTGATAAA	   [118]	  IGFBP5	   GGTTTGCCTCAACGAAAAGA	  	  	   AGTAGGTCTCCTCGGCCATC	   [118]	  IL6	   CACACAGACAGCCACTCACC	  	   TTTTCTGCCAGTGCCTCTTT	   [121]	  ALDH1L2	   CCAGAGCCTCTTTGGACAAG	  	   ACAGGGGTCCCATCTTTCTC	   [118]	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WIF1-­induced	  LN229	  gene	  expression	  profile	  The	   LN229_indWIF1	   were	   seeded	   in	   small	   flasks	   (3*105	   cells/flask)	   and	   let	  adhere	   for	   24	   hours	   and	   then	   half	   of	   the	   flasks	   were	   then	   induced	   with	  doxocyclin.	  Three	   time	  point,	   after	   induction	   (T0)	  were	   collected:	  T1=12hours,	  T2=24hours	   and	   T3=48hours.	   The	   RNA	   was	   extracted	   using	   quiagen	   KIT,	   as	  described	  above,	  and	  the	  sample	  were	  sent	  to	  Geneva	  at	  the	  NCCR	  "Frontiers	  in	  Genetics",	   Genomics	   Platform.	   The	   samples	  were	   hybridized	   to	  Affymetrix	  HG-­‐133Plus2.0	   GeneChips	   (Affymetrix,	   Santa	   Clara,	   CA)	   and	   the	   analyses	   were	  carried	  out	  in	  R	  (http://www.R-­‐project.org/),	  with	  Bioconductor	  packages	  [122].	  Raw	   CEL	   files	   were	   processed	   using	   the	   robust	   multichip	   average	   (RMA)	  algorithm	   available	   in	   the	   affy	   package	   [123].	   	   Probes	   were	   filtered	   using	   the	  coefficient	  of	  variation.	  	  
Statistical	  analysis	  	  The	   Student	   t	   test	   was	   used	   to	   compare	   continuous	   variables	   between	   two	  groups.	  P	  values	   less	  than	  0.05	  were	  considered	  statistically	  significant.	  Results	  are	  marked	  with	  1	  asterisk	  (*)	  if	  p<	  0.05	  and	  2	  (**)	  if	  p	  <	  0.01	  and	  with	  3(***)	  if	  p<0.001.	  All	  statistical	  tests	  were	  two-­‐sided.	  Data	  are	  presented	  as	  mean	  values	  with	  standard	  deviation.	  	  	  	  
	   92	  
Glossary	  
ABBREVIATION	   WORD	  5-­‐AZA	   5-­‐aza-­‐cytidine	  	  aCGH	   Array	  Comparative	  Genomic	  Hybridization	  	  ALDH	   Aldehyde	  dehydrogenases	  	  AP-­‐1	   Activator	  protein	  1	  APC	   Adenomatosis	  polyposis	  coli	  ARF	   Alternate	  reading	  frame	  ATF2	   Activating	  transcription	  factor	  ATRX	   Alpha	  Thalassemia/Mental	  Retardation	  Syndrome	  X-­‐Linked	  BACs	   Bacterial	  artiﬁcial	  chromosome	  	  CaMK	   Ca2+/calmodulin-­‐dependent	  protein	  kinase	  CDK	   Cyclin-­‐dependent	  kinase	  CDKN	   Cyclin-­‐dependent	  kinase	  inhibitor	  CIMP	   CpG	  island	  methylator	  phenotype	  CK1α	   Casein	  kinase	  1α	  CNAs	   Copy	  Number	  Aberrations	  CREB	   cAMP	  response	  element-­‐binding	  protein	  CTH	   Cystathionase	  DAPI	   4',6-­‐diamidino-­‐2-­‐phenylindole	  	  DKK	   Dickkopf	  DNA	   Deoxyribonucleic	  acid	  	  dnTCF	   Dominant	  negative	  form	  of	  TCF	  	  DOX	   Doxocyclin	  dsRED	   Discosoma	  red	  fluorescent	  protein	  DVL	   Dishevelled	  EGFP	   Enhanced	  green	  fluorescence	  protein	  	  EGFR	   Epidermal	  growth	  factor	  receptor	  ELISA	   Enzyme-­‐linked	  immunosorbent	  assay	  ERK	   Extracellular	  signal-­‐Regulated	  Kinase	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FACS	   Fluorescence-­‐activated	  cell	  sorting	  	  FAT	   Protocadherin	  Fat	  FS	   Forward	  scatter	  FZD	   Frizzled	  GAPDH	   Glyceraldehyde	  3-­‐phosphate	  dehydrogenase	  GBM	   Glioblastoma	  GICs	   Glioma-­‐initiating	  cells	  	  GS	   Glioma-­‐sphere	  GSK3	   Glycogen	  synthase	  kinase	  3	  H&E	   Hematoxylin	  and	  eosin	  	  HMM	   Hidden	  markov	  model	  	  IDH	   Isocitrate	  dehydrogenase	  IGFBP	   Insulin-­‐like	  growth	  factor-­‐binding	  protein	  IL	   Interleukin	  JNK	   c-­‐Jun	  N-­‐terminal	  kinases	  LEF	   Lymphoid	  enhancer-­‐binding	  factor	  LRP	   Low-­‐density	  lipoprotein	  receptor-­‐related	  protein	  LURAP1L	   Leucine	  Rich	  Adaptor	  Protein	  1-­‐Like	  	  MALAT1	   Metastasis	  associated	  lung	  adenocarcinoma	  transcript	  1	  MAPK	   Mitogen-­‐activated	  protein	  kinase	  MDM	   Mouse	  double	  minute	  MGMT	  	   Methylguanine	  methyltransferase	  MKK	   Mitogen-­‐activated	  Protein	  Kinase	  Kinase	  mRNA	   messenger	  RNA	  MSP	   Methylation-­‐specific	  PCR	  	  NCL	   Nucleolin	  NF1	   Neurofibromin	  1	  NEAT2	  	   Nuclear-­‐enriched	  abundant	  transcript	  2	  PBLs	   Peripheral	  blood	  lymphocytes	  PBS	   Phosphate	  buffered	  saline	  PCP	   Planar	  cell	  polarity	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PCR	   Polymerase	  chain	  reaction	  PKA	   Protein	  kinase	  A	  PKC	   Protein	  kinase	  C	  	  	  PMA	   Phorbol-­‐12-­‐myristate-­‐13-­‐acetate	  	  PP2A	   Protein	  phosphatase	  2A	  PTEN	   Phosphatase	  and	  tensin	  homolog	  RB	   Retinoblastoma	  protein	  RMA	   Robust	  multichip	  average	  RNA	   Ribonucleic	  acid	  ROCK	   Rho-­‐associated	  protein	  kinase	  ROR	   Receptor	  tyrosine	  kinase-­‐like	  orphan	  receptors	  RT	   Radiotherapy	  rtTA	   Reverse	  tetracycline	  transactivator	  SA-­‐β-­‐gal	   Senescence	  associated	  β-­‐galactosidase	  SDS-­‐PAGE	   Sodium	  dodecyl	  sulfate	  polyacrylamide	  gel	  electrophoresis	  	  sFRPs	   Secreted	  Frizzled	  related	  proteins	  	  	  SS	   Side	  scatter	  T1WI	   T1	  weighted	  imaging	  TCF	   T-­‐cell	  factor	  TCGA	   The	  Cancer	  Genome	  Atlas	  TCIA	   The	  Cancer	  Imaging	  Archive	  	  TERT	   Telomerase	  reverse	  transcriptase	  TLE1	   Transducin-­‐like	  enhancer	  of	  split	  1	  	  TMZ	   Temozolomide	  	  TP53	   Tumor	  protein	  p53	  WHO	   World	  Health	  Organization	  	  WIF1	   WNT	  Inhibitory	  Factor	  1	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